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PREFACE 



The following pages represent the results of an attempt 
to collect in a comparatively small book such parts of the 
field of steam power as should be familiar to engineers 
whose work does not require that they be conversant with 
the more complicated thermodynamic principles considered 
in advanced treatments. The experience of the authors 
has led them to believe that a book of this sort should give 
a correct view-point with regard to the use of heat in the 
power plant even though it does not enter deeply into the 
theoretical considerations leading up to that view-point; 
that it should supply the tools required for the solution of 
power plant problems of the common sort; and that it should 
give sufficient description of power plant apparatus to 
make the reader fairly familiar with the more common 
types. 

Mathematical treatment of the subject has been elim- 
inated to the greatest possible extent, and anyone familiar 
with elementary algebra should be able to understand 
readily such equations as it has been deemed necessary to 
include. 

Brief explanations of physical and chemical concepts 
are given in every case in which the text required their use, 
so that those who have not studied these subjects, and those 
who have but have failed to crystallize and hold the neces- 
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sary ideas, should have little diflSculty in reading the text 
understandingly. 

It is hoped that the book may prove serviceable as a 
text for steam power com-ses given to civil engineers in the 
various colleges and that it may also meet the needs of those 
instructing power plant operators in industrial schools. 

C. F. H. 

T. C. U. 

June, 1916. 
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CHAPTER I 
PHYSICAL CONCEPTIONS AND UNITS 

1. Matter. The universe is generally pictured as com- 
posed of matter and energy. Matter is regarded as that 
which is possessed of mass, or as that which is possessed of 
inertia; i.e., which requires the action of force to put it in 
motioUy to bring it to rest or to change its velocity. These 
definitions merely enumerate characteristics of matter; they 
do not tell what it really is. In the present state of knowledge 
it is, however, impossible to define matter in any other way. 

No experiment has yet shown that matter can be created 
or destroyed by man. It can be changed from one form to 
another, it can be given certain physical and certain chem- 
ical characteristics, more or less at will, but the actual 
quantity of matter concerned is always the same after and 
before such changes. It is customary to state this experi- 
ence in the form of a law known as the Law of the Con- 
servation of Matter, which states that the " total qmntUy 
of matter in the universe is constant J ^ 

Matter is known to exist in several physical states or 
conditions of aggregation. The three most familiar are (1) 
solidj (2) liquid and (3) gaseous. In each of these states 
matter is conceived as made up of minute particles called 
molecules which in turn are apparently composed of still 
smaller parts known as atoms. These atoms can also be 
broken into parts, but for the purposes of this book it is not 
necessary to consider such divisions. 
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Experiment and mathematical reasoning seem to indi- 
cate that the molecules of all materials are in constant 
motion and that there are neutralizing attractive and repul- 
sive forces acting between them. In solids the molecules are 
apparently bound together in such a way that, although they 
are in constant motion, the external form or shape of the 
body tends to remain constant; in fact it requires the 
expenditure of force to cause. a change of form. In liquids 
the molecular attraction is so altered that practically all 
rigidity disappears and the shape assumed by the liquid is 
determined by that of the surrounding surfaces, as, for 
instance, the shape of the vessel containing the liquid. In 
gases the molecules are still more free and actually tend to 
move apart as far as possible, so that a gas will spread in 
all directions until it fills any closed containing vessel. 

2. Energy. Nearly everyone has a conception of what 
is meant by the term energy, but no one yet knows what 
energy really is. It is defined as the capacity for doing work, 
or the ability to overcome resistance. A man is said to be very 
energetic or to be possessed of a great deal of energy when 
he has the ability to perform a great amount of work or 
to overcome great resistances. Matter is said to be pos- 
sessed of energy when it can perform work or overcome 
resistance. Actually, matter is not known in any form in 
which it is not possessed of energy. 

There are many different forms of energy. A body in 
motion can do work and is said to be possessed of mechani- 
cal energy. A body which we recognize as hot can do work 
at the expense of the heat associated with it and is said 
to be possessed of heat energy. Light, sound and electricity 
are all forms of energy. 

Experiment and experience have never shown that energy 
can be destroyed or created by man, but they have shown 
that one form of energy can be converted into another form 
under proper conditions. The first part of this experience 
is stated as a law known as the Law of the Conservation of 
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Energy^ This law states that " the total quantity of energy 
in the universe is constant,*^ 

3. Units of Matter and of Energy. When attempts are 
made to measure the amount of anything, some unit of 
measurement is adopted. Matter is measured in numerous 
ways and many units are used. The common methods of 
measuring matter are by volume and by wieight. Engineers 
in English-spteaking countries use thie cubic yard, the cubic 
foot or the cubic inch as units in measuring matter by vol- 
ume and they use the pound, the ounce, the grain, etc. as 
units in measuring matter by weight. 

Energy is measured in many units and, in general, tliere 
is a characteristic unit or set of units for each form in which 
it occurs. Thus the foot-pound is very commonly used for 
measuring mechanical energy; the British thermal unit for 
measuring heat energy; and the joule for measuring electrical 
energy. Some of these units will be defined and considered 
in greater detail in subsequent paragraphs. 

4. Work. Work is defined as the overcoming of 
a resistance through a distance. Thus, work is done 
when a weight is raised against the resistance 
offered by gravity; work is done when a spring is 
compressed against the resistance which the 
metal offers to change of shape; work is done 
when a body is moved over another against the 
resistance offered by friction. 

The unit of work is the quantity of work which 
must be done in raising a weight of one pound 
through a vertical distance of one foot. It is called 
the foot-pound. Thus, one foot-pound of work 
must be done in raising one pound one foot; two 
foot-pounds of work must be done in raising two 
pounds one foot or in raising one pound two feet. 

If a weight of one pound were suspended from 
a spring balance as shown in Fig. 1, the balance would in- 
dicate a pull or force of one pound. No work wov\Vd 
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done by this force as long as the weight remained stationary, 
because no resistance would be overcome through a distance. 
If, however, the same weight were slowly or rapidly raised 
a vertical distance of a foot, one foot-pound of work would 
be done. A force or pull of one pound, would then have 
overcome a resistance of one pound through a distance of 
one foot. In general : 

Work in ftAhs, = Resistance overcome in lbs, X distance. 
= Force in Ibs.Xdistance in ft. 

so that if a force of 10 lbs. pushes or pulls anything which 
offers a resistance of 10 lbs. while that something travels 
a distance of, say, 5 ft., the work done will be given by the 
expression, 

Work =10X5, 

= 50 ft.-lbs. 

A body in falling a certain distance can do work equal to 
its weight multiplied by the distance it falls because it could 
theoretically raise an equal weight an equal distance against 
the action of gravity, and the work done upon this second 
body would be equal to its weight multiplied by the distance 
through which it was raised. 

It is very important to note that no work is done by a 
force if there is no motion; resistance must be overcome 
through a distance in order that work may be done. Thus, 
a force of 1000 lbs. might be required to hold something in 
position, that is to balance a resistance, but no work would 
be done if the body upon which the 1000-pound force acted 
did not move. Again, a weight of 50 lbs. held at a distance of 
10 ft. above the surface of the earth would exert a downward 
push or pull equal to 50 lbs. on whatever held it in that 
position; it would, however, do no work if held in that 
position. If allowed to fall through the distance of 10 ft. 
it could do 50X10 = 500 ft.-lbs. of work. 

It is very convenient to represent graphically the action 
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of forces overcoming resistances, that is, doing work. This 
is done by plotting points showing the magnitude of the 
force at the time that the body on which it is acting has 
traveled different distances. Thus, suppose a constant 
force of 10 lbs. pushes a body a distance of 15 ft. against a 
constant resistance of 10 lbs. The force acting on the Ixxiy 
will have a value of 10 lbs. just as the body starts to move, 
a value of 10 lbs. when the body has moved 1 ft., a value 
of 10 lbs. when the body has moved 2 ft., and so on. This 
might be represented by points on squared paper as shown 
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Distance traveled in Feet 
Fig. 2. 



in Fig. 2 or by a horizontal line joining those points as shown 
in the same figure. 

The work done by this force would be 10X15 = 150 
ft.-lbs. according to our previous definition. But 10X15 
is also the number of small squares under the line represent- 
ing the action of this force in Fig. 2. The number of these 
small squares then must be a measure of the work done, 
but it is also a measure of the area under the line represent- 
ing the action of the force, so that this area nmst l)e a measure 
of the work done. Each small square represents 1 lb. by 
its vertical dimension and 1. ft. by its horizontal dimension, 



6 



STEAM POWER 



so that its area must represent 1 lb. XI ft. = 1 ft.-lb. 
Tlie total nunilxT of squares below the line equals 10 X 
15= 15(), and since the area of each one i-epresents 1 ft.-lb. 
the total area under the line represents 150X1 = 150 
ft.-lbs. 

It is not always convenient to choose such simple scales 
as those just used. Thus it might be more convenient 
to plot the action of this force as is done in Fig. 3. Here 
the height of a square represents 2 lbs. and the width 
represents 1 ft.; the area then represents 2X1=2 ft.-lbs. 
There are 5X15 = 75 squares under the line and as each 
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repi*esents 2 ft.-lbs. the total area under the line represents 
2X75= 150 ft.-lbs. as In^fore. 

This is a very useful property o{ thest* diagrams and the 
area under the line representing the action of the force 
always repivstnits the work done, no matter what the shape 
of that line. 

Thus, assunu^ a force which compresses a spring a distance 
of ins. Suppose that a force of 10 lbs. is ivquinnl to com- 
press the spring I in,, a force of 20 lbs, to compivss it 2 ins., 
and so on up to a forct^ of lbs, to compivss it 6 ins. 
Starting with a force of fA^va, (he ftucc will have to gradually 
incn\*ise as (he spriuj^ ir* cniiipit^nmMl, an shown by the line in 
Fig. 1. Tl^e www of iMM'h of llu* lahudl mjuan^s will n^pi-esent 

lOX Ij-!!) fl. Ibn. |tiiil»M Iho hiiM Ihiw U an aiva equal 
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o ^ =18 small squares, and the work done in compressing 

the spring must then be 18X 15 ft.-lbs. 

6. Mechanical Energy. Any body which exists in such 
a position or location that it could do work by dropping or 
falling is said to be possessed of potential mechanical energy, 
or of mechanical energy due to position. As long as it 
remains in this position, it cannot do work at the expense 
of this energy, but, if allowed to fall, it could do so. The 




Fig. 4. — Graph Showing Action of Spring. 

work it could do would be equal to the product of its weight 
by the distance it could fall and the potential energy it 
possesses before starting to fall is measured by this work. 
Thus, a body weighing 40 lbs. located 10 ft. above the surface 
of the earth could do 40X10 = 400 ft.-lbs. of work in falling, 
and, therefore, it is said to be possessed of 400 ft.-lbs. of 
potential energy before it starts to fall. 

If in falling it raises a weight equal to its own (theo- 
retically) through a distance equal to that through which 
it falls (theoretically), it will have used up 400 ft.-lbs. of 
energy in doing 400 ft.-lbs. of work upoiv W\e V^odi^ x^isfe^ 
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and will no longer be posses8ed of that amount of potential 
energy. The body which has l)een raised will, however, 
have an equal amount of energ>' stored in it and will in turn 
l>e able to do 400 ft.-lbs. of work if allowed to fall a distance 
of 10 ft. 

If the body assumed above falls through a distance of 
10 ft. without raising another body or doing an equivalent 
amount of work in some other way, it acquires a high 
vekxiity. When it arrives at the lx)ttom of the fall of 10 
ft,, it certainly (1(m»s not possess the 400 ft.-lbs. of potential 
efw»rgy which it had before dropping nor has il done work 
at the expc^nse of that energy- . Moreover, the energy could 
not have Ix^en destroyed l)ecause it is indestructible. The 
only conclusion is that it nuist still l)e possessed of this 
en<*rgy in some way. At the end of the fall it has lost its 
a/lvantageouH position, but it has acquired a high velocity, 
and experience shows that if brought to rest it can do 
work upon that which brings it to rest equal to what 
it could have done in raising a weight as previously 
descril>ed. 

At the end of its fall and before being brought to rest, 
the bo<ly is therefore said to be possessed of energy by virtue 
of its velocity, and this form of energy is called kinetic 
' mechanical energy. The kinetic energy imll be exactly equal 
to the potential energy which disappeared as the body fell. 

Any body which is moving is possessed of kinetic energy 
because it can do work on anything which brings it to 
rest. This energy is expressed by the equation, 

1 W 

Kinetic Energy in ft.-lbs. = - X X F^, 

in which 

11' = the weight of the moving body in pounds. 
r=-lhe velocity in ft. per second, and 
32.2 « a gravitational constant commonly represented by g 
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6. Heat. One of the most familiar forms of energy is 
heatj which manifests itself to man through the sense of 
touch. In reality every body with which man is familiar 
possesses an unknown amount of heat energy and it is 
assumed that this heat energy is in some way associated 
with the motions and relative positions of the molecules and 
their constituents. 

For this reason heat is often described as molecular 
activity and is regarded as energy stored up in a substance by 
virtue of its molecular condition. Heat energy can be made 
to perform work in ways which will be discussed later and 
this is proof that it is a form of energy and not a material 
substance, as was once supposed. 

Heat is observed and recorded by its effects on matter, 
producing changes in the dimensions or volumes of objects; 
changes of internal stress; changes of state, as ice to water 
and water to steam; changes of temperature; and electrical 
and chemical effects. 

Neglecting certain atomic phenomena not yet well under- 
stood, the probable source of all heat energy appearing on 
the earth is the sun. Heat, however, may be obtained 
from mechanical and electrical energy; from chemical 
changes; from changes of physical state; from the internal 
heat of the earth. 

7. Temperature. Man early realized that under certain 
conditions bodies felt hotter than under other conditions 
and gradually came to speak of the degree of hotness as 
the temperature of the body. It was later realized that what 
was really measured as the hotness or intensity of heat 
or temperature of a body was the ability of that body to trans- 
mit heat to others and that it had no connection with quantity 
of heat. 

Thus, if the temperature of two adjacent bodies happened 
to be the same, one of them could not lose heat by trans- 
mitting it to the other, but if the temperature of one 
happened to be higher than that of auolYi^T, ^ 
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higher toinponiiure would always lose heat to the one at 
lowor toini)enituro. 

As ji moans of mcasuriJig temperature certain arbitraiy 
Kcal(*s havo Ik'oii chosi'n. The centig;rade scale of tempen- 
tun\ for instance, is has<Ml u|x>n the temperatures of meltiiig 
ic(» and boiling water under atmospheric pressure. The tem- 
IM'ratun* <lilT(»rence lM»tw(H»n Iniilinf; water at atmospheric 
prcssun* and melting ice at atmospheric pressure is arbi- 
trarily called one hun<lrcd d(»j?rees of temperature, and the 
temperature of the melting ice is called zero, making that 
of the boiling wat<»r tO<) dajrvvn. 

Any body which has such a temperature that it will not 
give heat to, or tak<' h(\*it from, melting ice is said to be at 
a temp<'rature of zero degnn's centigrade, represented as 0°C. 
Similarly, any body in such a ctmdition that it will not give 
heat to or tak(» lieat from wat(»r l)oiling under atmospheric 
pn^ssure is said to have a t(»m|HTature of 100° C. A body 
with a t(M!ip(Mature exactly half way between these two 
limits wouhl then b(» said to have a tempi^ature of 50° C. 

8. Measurement of Temperatiure. The temperatures of 
bodies could be <l<»termin(Ml by bringing them in contact with 
such things as UK^lting i(*e and boiling water and determining 
whether or not a transfer of h(»at occurred, but this would 
be a v(M*y cumbersome and imsatisfactory method. As a 
cons(H|uence many other means have been devised for the 
m(»asurem(Mit of temiK'rature. 

OiK^ of th(^ most common and convenient methods in- 
volves the use of what are known as mercury thermometers. 
Th(»s(^ depend upon the fact that the expansion of mercury 
with (^hanging temperature is very uniform over a wide 
t<»mpcTOture range. Thus, if mercury expands a certain 
amount when its temperature is raised from that of melting 
ice to that of boiling water, i.e., 100° C, it will expand just 
half as much when its temperature is raised half as high, 
and one-quarter as much when its temperature is raised one- 
quarter of the range from 0° to 100° C. 
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The thermometer is made by enclosing a small quan- 
tity of mercury in a glass tube fitted with a bulb at 
one end, as shown in Fig. 5. The lower end 
of the thermometer is immersed in melting 
ice and the point on the stem which is 
reached by the top of the mercury column is 
marked and labelled 0° C. The thermometer 
is then immersed in the steam from water boil- 
ing under atmospheric pressure and the point 
reached by the top of the mercury column is 
marked and labelled 100° C. The distance be- 
tween the two marks is then divided into one 
hundred parts and each represents the distance 
which the end of the column of mercury will 
move when its temperature changes one centi- 
grade degree. 

It is customary to extend this same scale 
below 0° and above 100°, carrying it, on ex- 
pensive thermometers, as far in each direction 
as the approximation to a constant expansion 
on the part of the mercury and to constant 
properties of the glass justifies. 

The temperature of a body can then 
be found by placing the thermometer in 
or in contact with that body and noting 
the point reached by the end of the 
mercury column. The division reached 
gives the temperature directly. 

The centigrade scale just described is 
the one commonly used by scientists the 
world over, but engineers in this country 
more often use what is known as the 
Fahrenheit scale. This is so chosen that 
the temperature of melting ice is called 
32° F. and the temperature of water boil- 
ing under atmospheric pressure is called 212^^ ¥ . Ttvet^ 



I 



Fig. 5.— Mer- 
cury Ther- 
mometer. 




Fig. 6. — Comparison 
of Centigrade and 
Fahrenheit Scales. 
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thus 180° on this scale for the same temperature difference 
as is represented by 100° on the centigrade scale. The 
relation between the two scales is shown diagrammatically 
in Fig. 6. It is apparent that the temperature of a body 
at 0° C. will be 32° F. and that of a body at 0° F. will be 
-17.8° C. 

Since 100 centigrade degrees are equal to 180 Fahren- 
heit degrees, it follows that 

180 9. 



1° c = f"^ = ^° F 



100 5 



and that 



1°F = 



100 

^180' 



(1) 



(2) 



Therefore, if If and <c represent temperatures on the Fahren- 
heit and centigrade scales respectively, 



and 



<c=g«j^-32) 



(3) 



(4) 



Cent . ^Abs.— >4Pahr. 



273° 491.4° 



There is still another temperature scale of great impor- 
tance. It is known as the absolute 
scale and temperatures measured 
on it are spoken of as absolute tem- 
peratures. The zero on this scale 
is located at -273° C. or 273 centi- 
grade degrees below centigrade 
zero, or, what is the same thing, 
at -459.4° F., or 459.4 Fahrenheit 
degrees below Fahrenheit zero. The 
degrees used are either centigrade 
or Fahrenheit, as convenient, so 
that there are absolute tempera- 
tures expressed in centigrade de- 



FiG. 7. — Comparison of Ab- 
solute and Ordinary 
Temperature Scales. 



grees above absolute zero and there are absolute tempera- 
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tures expressed in Fahrenheit degrees above absolute zero. 
The relations betwe^ the various scales are shown dia- 
grammatically in Fig. 7. 

It is apparent from this diagram that, 

Tf = ^f+460 (approximately) . . . (5) 

and that 

Tc = tc+2n (6) 

if Tr and Tc represent absolute temperatures and if the 
number 459.4 is rounded out to 460, as is commonly 
done. • 

9. The Unit of Heat Energy. The unit used in the 
measurement of heat energy in the United States is the 
British Thermal Unit (abbreviated B.t.u). It is defined as 
the quantity of heat required to raise the temperature of one 
pound of pure water one degree Fahrenheit. In order to 
make the definition very exact it is necessary to state the 
temperature of the water before the temperature rise occurs, 
because it requires different amounts of heat to raise the 
temperature of a pound of water one degree from differ- 
ent .initial temperatures. For ordinary engineering pur- 
poses, however, such refinements generally may be omitted. 

Many experimenters have shown that heat energy and 
mechanical energy are mutually convertible, that is, the one 
can be changed into the other. When such a change occurs 
no energy can be lost since energy is indestructible, and it 
follows that, if one form is changed into the other, there 
must be just as much energy present after the change as 
there was before. 

As the units used in measuring the two forms of energy 
are very different and as it is often necessary to express 
quantities of energy taking part in such conversions, it is 
desirable to determine the relations between these units. 
This was first accurately done by Joule, who showed that one 
British thermal unit of heat energy resulted from, tba 
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version of 772 ft.-lbs. of mechanical energy. Later experi- 
menters have shown that the number 778 more nearly 
expresses the truth than does the number 772 and the larger 
value is now known as Joule's Equivalent. 

Expressed mathematically, the relation between the units 

is 

1 B.t.u. = 778 ft.-lbs (7) 

1 ft.-lb. = ^B.t.u (8) 

10. Specific Heat. The specific heat of a substance is 
defined as that quantity of heat which is used up or recovered 
when the temperature of one pound of the inaterial in question 
is raised or lowered one degree. Its numerical value depends 
upon the specific heat of water since the quantity of heat is 
measured in units dependent upon the amount required to 
raise the temperature of water. The specific heat of water 
is, however, very variable, as shown by the values given in 
Table I., and it is therefore evident that exact numerical 
values of specific heats can only be given when the definition 
of the B.t.u. is exactly expressed. 

The specific heats of all real substances vary with tern- 
perature and the values commonly used are either rough 
averages or are those detennined by experiments at one 
temperature. For most engineering purposes errors arising 
from this source may, however, be neglected. 

From the definition of specific heat it follows that: 

in which 

C = a mean or average specific heat over a range of tem- 
perature from ^1 to fc, and 

Q = the heat supplied to raise the temperature of W 
pounds of material from to <2. 
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TABLE I 
Specific Heats of Water.* 



(Value at 65° F. taken as unity) 



Temp. F**. 


Spec. Ht. 


Temp. F°. 


Spec. Ht. 


20 


1.0168 


350 


1 045 


30 


1.0098 


400 


1.064 


40 


1.0045 


450 


1.086 


50 


1.0012 


500 


1.112 


60 


0.9990 


510 


1.117 


70 


0.9977 


520 


1.123 


80 


0.9970 


530 


1.128 


90 


0.9967 


540 


1.134 


100 


0.9967 


550 


1.140 


120 


0.9974 


560 


1.146 


140 


0.9986 


570 


1.152 


160 


1.0002 


580 


1.158 


180 


1.0019 


590 


1.165 


200 


1.0039 


600 


1.172 


220 


1.007 






240 


1.012 






260 


1.018 






280 


1.023 








1.029 







* Values taken from Marks and Davis, " Steam Tables and Diagrams," p. 68. 



ILLUSTRATIVE PROBLEMS 

1. Given: Sp. ht. of jron=0.113, of aJuminum =0.211; Initial 
temp. = 150° F. Temp, range {U-U) = 100° F. 

If 1 lb. of iron and 1 lb. of aluminum are cooled through this 
temperature range, how much more heat is lost in one case than 
in the other? 

Oai = WCaiiU = 1 X .211 X 100 =21.1 B.t.u. 

Oir = WCiriU - <i) = 1 X .1 13 X 100 = 1 1 .3 B.t.u. 

Difference 9.8 B.t.u. 

2. If the difference obtained in Prob. 1 were used to heat up 
5 lbs. of silver, with a specific heat equal to 0.057, what would be 
the temperature range through which it would be raised? 

Q =9.8 =5X0.057(^2 -h) =0.285(^2 -h) 
/. fe-«i=34.4°F. 
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3. If the initial temperature of the silver in Prob. 2 were 150** F. 
what would be the final absolute temperature Fahr.? 

«2 = <i+34.4° = 150+34.4 = 184*' (approximately). 

=460+184 = 644*' F. Abs. 

4. 100 lbs. of water in a 20-lb. tank of iron, both ctl/ 60** F., 
are placed in salt brine at O*' F. The water becomes ice at 32** F. 
and the temperature'of the ice is lowered to 26° F., the brine being 
raised to 26° F. Sp. ht. water = 1.0; Sp. ht. ice =0.5; Sp. ht. 
iron =0.113; Sp. ht. brine =0.8; and 143 B.t.u. per pound of water 
must be removed to convert liquid water at 32° F. to ice at tiie 
same temperature. What weight of brine is required? 

100[l(60-32) + 143+.5(32 -26)1+20X0.113(60 -26) 
= TrX0.8(26-0) 
TF=840 lbs. of brine. 

11. Quantity of Heat. It is impossible to determine the 
total quantity of heat in or associated with a substance, 
because no means of removing and measuring all the heat 
contained in any real material have ever been devised. 
Since, however, the engineer is concerned with changes of 
heat content rather than with the total amount of heat 
contained, this fact causes him no difliculty. 

For convenience in figuring changes of heat content, 
it is customary to assume some arbitrary starting point or 
datum and to call the heat in the material in question zero 
at that point. 

Thus, for example, if it were necessary to figure heat 
changes experienced by a piece of iron weighing 5 lbs. and 
having a specific heat of 0.1138, and the temperature of this 
iron never dropped below 40° F. under the conditions exist- 
ing, this temperature might be taken as an arbitrary starting 
point above which to figure heat contents. If the iron were 
later found at a temperature of 75° F., the heat content 
above 40° F/' would be said to be 



Q = CW (fc-^i) =0.1138X5(75-40) =2.27 B.t.u. 
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This type of formula can only be used when the sub- 
stance does not change its state between the limits of tem- 
perature concerned. In the case of water which might 
change to steam during such a rise of temperature, it might 
be necessary to include other heat quantities in the cal- 
culations, as shown in a later chapter. 

12. Work and Power. Since steam engines are designed 
for the purpose of converting the heat energy contained in 
fuel into mechanical energy which may be used to perform 
work, it will be necessary to consider the units used in 
measuring work and power. 

Work was defined in a previous paragraph as the over- 
coming of a resistance through a distance^ by the application 
of a force; that is, a force expressed in pounds, multiplied by 
the distance in feet through which the force acts, gives a product 
expressed in foot-pounds. 

The amount of work performed in a unit of time is termed 
power, which may be defined as the rate of doing work. 
Therefore, 

^ Force X Distance . ^ 

Power = =^^ ^-^ r. . . . (10) 

Time (mm. or sec.) 

The unit of power used by steam engineers is the horse- 
power, which is equivalent to the performance of 33,000 
ft,4bs. of work per minute, or 550 ft.-lbs. of work per second, 
or 1,980,000 ft.-lbs. per hour. Therefore, the horse-power 
developed by any mechanism is 

, ft.-lbs. of work per min. 

^•P-= 337000 — • • • • (11) 

Since 33,000 ft.-lbs. of work can be accomplished only by 
the expenditure of 33,000 ft.-lbs. of energy and since one 
B.t.u. of energy is equal to 778 ft.-lbs., it follows that 33,000 

33 000 

ft.-lbs. of work must be the equivalent of ^'^^ =42.41 B.t.u. 
It is customary to speak of power in terms of hoi 
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power-hours. One horse-power-hour means the doing of 
work equivalent to one horse-power for the period of one 
hour, or the doing of work at the rate of 33,000 fL-fbs. per 
minute for an hour, A horse-power-hour is therefore equiva- 
lent to 33,000 X 60=1,980,000 ft.-lbs. As 33,000 ft.-lbs. 
are equivalent to 42.41 B.t.u., it follows that 42.41X60= 
2544.6 or about 2545 B.t.u. are the equivalent of one horse- 
power-hour. 

The number 2545 should be memorized as it,is very often 
used in steam-power calculations. If an engine could deliver 
one horse-power-hour for every 2545 B.t.u. it received, it 
would be working without losses of any kind; that is, all 
the heat energy entering it would leave it in the form of 
useful mechanical energy. It will be shown later that this 
is impossible even in the most perfect or ideal engine. 

, REVIEW PROBLEMS 

1. Express 32® F. in degrees centigrade. 

2. Express 150° F. in degrees centigrade. 

3. Express 250° C. in degrees Fahrenheit. 

4. Express the results of problems 1, 2 and 3 in absolute values. 

5. What is the heat equivalent of 233,400 ft.-lbs. of work? 

6. Find the heat supplied 10 lbs. of water when its temperature 
is raised from 20° F. to 160° F., assuming the mean specific heat 
over this range to be 0.997. 

7. Find the temperature change of 2 lbs. of lead (sp. ht. 0.0314) 
when 20 B.t.u. are added. 

8. How many B.t.u. must be abstracted to lower the tem- 
pferature of 15 lbs. of water from 212° F. to 32° F., assuming the 
specific heat of water to be unity? 

9. Find the weight of water which will have its temperature 
tripled in value by the addition of 250 B.t.u., the final temperature 
being 150° F. Assume specific heat unity. 

10. The specific heat of a piece of wrought iron is 0.113 and of 
a given weight of water is 1.015. 1 cu. ft. of water weighs approxi- 
mately 62.5 lbs. Find the increase in temperature of 4 cu. ft. of 
water when a common temperature of 65° F. results from placing 
in the water a piece of iron weighing 15 lbs. at a temperature of 
900° F. 
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11. Find the final temperature of the mixture, when 100 lbs. 
of iron (sp. ht. =0.113), at a temperature of 1200° F. are immersed 
in 300 lbs. of water (sp. ht. 1.001) at a temperature of 50° F. 

12. Five pounds of silver (sp. ht. =0.057) at 800° F. are im- 
mersed in water at 60° F., resulting in a final temperature of 85° F. 
Assume Sp. ht. water = 1. What weight of water is necessary? 

13. An engine is developing 10 horse-power. Express this in 
ft.-lbi. of work done per minute and find the amount of heat 
energy equivalent to this quantity of mechanical energy. 

14. A pump raises 1000 ll)s. of water 50 ft. every minute. 
How much work is done? Find the equivalent horse-power. 

16. An engine develops 1,980,000 ft.-lbs. of work at the fly- 
wheel per minute. 

(a) Find the horse-power developed. 

(h) If this engine operated in this way for an hour, how many 
horse-power hours would it make available? 

(c) What would be the equivalent of this number of horse- 
power hours in British thermal units? 



CHAPTER II 



THE HEAT-POWER PLANT 

13. The Simple Steam-Power Plant. The various pieces 
of apparatus necessary for the proper conversion of heat 
energy into mechanical power constitute what may be 
called a Heat-Power Plant/^ just as the apparatus used 
in obtaining mechanical energy from moving water is called 
an hydraulic or water-power plant. Heat-power plants are 
distinguished as Steam-Power Plants'^; Gas-Power 
Plants etc., according to the way in which the heat of 
the fuel happens to be utilized. 

The apparatus around which the plant as a whole centers, 
that is, the apparatus in which heat energy is received and 
from which mechanical energy is delivered, is termed the 
engine or prime-mover. This heat engine may use steam 
generated in boilers and may require certain apparatus, such 
as condensers, pumps, etc., for proper operation; or it may 
use gaSj generated in gas-producers requiring coolers, 
scrubbers, tar extractors and holders, depending upon the 
class of fuel used and upon certain commercial considera- 
tions. Again, the power-plant may simply contain an in- 
ternal-combustion engine using natural gas, gasoline or oil, 
a type of plant which is now very common. 

But whatever type of plant is used, a general method of 
operation is common to all. Heat energy in fuel is constantly 
fed in at one end of the system and mechanical energy is 
delivered at the other end. The steam-power plant will be 
briefly described in the following paragraphs, showing the 
cycle of events with the attendant losses through the 
system. 

20 
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In Fig. 8 is shown a simple steam-power plant which con- 
verts into mechanical energy- part of the heat energy, origi- 
nally stored in coal, by means of a prime-mover called a 
steam-engine. The main pieces of apparatus used in this 
type of plant are the steam-boiler; the steam-en^ne; the 
condenser; the vacuum pump; and the feed-pump. The 
energy stream shows the various lasses occurring through- 
out the plant. These losses cause the delivered energy" 
stream to be only a small fraction of the total heat sent into 
the system. 

14. Cycle of Events. 1. Fuel is charged on the grate 
under the boiler, where it is burned with the liberation of a 
large amount of energ3\ Air is drawn or forced through 
the grates in proper proportions to support this combustion. 
The hot gases resulting pass over the tubes, in a definite 
path set by the baffle plates, so that the largest possible 
amount of heating surface may be presented to the products 
of combustion. 

There are certain losses accompanying this operation, 
such as radiation, loss of volatile fuel passing off unbumed, 
loss of fuel through the grate, and loss of heat through the 
excess air which must always be supplied to insure com- 
bustion. 

2. That part of the heat in the gases which is not lost 
by radiation from the boiler and in the hot gases flowing up 
the stack passes through the heating surfaces of the boiler 
to the water within. From 50 to 80 per cent of the 
total heat energy in the fuel passes through the heating 
surfaces and serves to raise the temperature of the water 
to the boiling point at the pressure maintained, and to con- 
vert this water into steam according to the requirements. 

8. Having obtained steam within the boiler, it is led 
through a system of pipes to a steam engine, where some of 
the heat stoml in the steam is converted into mechanical 
energ^v by the action of that steam against a piston. The 
steam is then discharged, or exhausted, from the engine 
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at a much lower temperature and pressure than when it 
entered. 

From 5 to 22 per cent of the available heat in the 
steam is converted into mechanical energy in the engine 
cylinder, and because of frictional and other losses occurring 
in the mechanism, only from 85 to 95 per cent of this 
energy is turned into' useful work at the fly-wheel. 

4. In some plants, known as non-condensing plants, 
the exhaust steam, which still contains the greater part of 
all the heat received in the boiler, is discharged to the atmos- 
phere and represents a complete loss. In others, known as 
condensing plants, the exhaust steam is led to a condenser, 
where it is condensed by cold water, which absorbs and 
carries away the greater quantity of the heat not utilized 
in the engine. The condensed steam or condensate is 
then either discharged to the sewer or transferred by means 
of a vacuum-pump to the hot-welly from which it is drawn 
by means of the feed-water-pump y raised to the original 
pressure of the steam, and returned to the boiler. Here 
it is again turned into steam and the cycle of operations 
outlined above is repeated. Naturally there is some loss 
due to evaporation and leaks throughout the system, so 
that make-up water must constantly be supplied. 

The series of events just described constitutes a complete, 
closed cycle of operations, wherein the water is heated, 
vaporized, condensed and returned to the boiler, having 
served only as a medium for the transfer of heat energy 
from fuel to engine and the conversion of part of that 
energy within the cylinder. The water in such a case is 
known as the working substance. 

It is often more convenient to discard the working sub- 
stance after it leaves the cylinder, as suggested above in 
the case of a non-condensing plant; or, as in the case of 
a gas engine, where a new supply of working substance 
must be supplied for each cycle, because the burned gases 
of the previous cycle cannot be used again. 
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16. Action of Steam in the Cylinder. In order to pre- 
pare for the more detailed discussion of the action of the 
steam in the engine cylinder, to be taken up in a later 
chaptcT, a brief outline of the events occurring within the 
prime-mover will be considered at this point. 

Steam enters the cylinder through some kind of an 
admission valve, and acts upon the piston, just as the latter 
has approximately reached one end of its stroke and is 
ready to return. The heat-energ^" stored up in the steam 
causes it to expand behind the piston, thereby driving the 
latter out and performing work at the fly-wheel. At about 
90 or 95 per cent of the stroke, the exhaust valve opens, 
and the steam begins to exhaust, the pressure within the 
cylinder dropping almost to atmospheric or to that main- 
tained in the condenser by the time the piston has 
reached the end of its stroke. On the next or return stroke 
the remaining steam is forced out through the exhaust 
port, until, at some point before the end of the piston 
travel, the exhaust valve closes, and the low-pressure steam 
trapped in the cylinder is compressed into the clearance 
space so that its pressure rises. Admission then occurs, and 
the cycle is repeated. 

The diagram given in Fig. 9 illustrates the operation of 

steam within the cylinder. 
*^ ' This diagram is plotted 

between pressures of steam 
within the cylinder as 
ordinates and correspond- 
ing piston positions as 
abscissas. 

The method of obtain- 
ing such a difigram, known 
as an indicator-diagram, 
will be fully described in a 
later chapter. Since vertical ordinates represent pressure 
in pounds per square inch, and horizontal abscissas renre- 




^Cut-off (Clodinff of Admission Valve) 



Release (Opeaing of 
Exiiuust Valve) 



iutuii Posltious 
Clobini; of Exhaust Valve 

Fig. 9. — Steam p]ngine Indicator 



Diagram. 
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sent feet moved through by the piston, the product of 
'these two must be work. But the product of vertical by 
horizontal distances must also give area. Therefore, by 



Source of Water 
at High Head 



HeUhi 
B.bove|datum 




Eaerffy Supplied 



Useful Energry 
Made Available 

Energy Discharged 

iver of Discharged 
Water at Low Head 



Source of Heat 
at High Temp. 



HighjTemp. 
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Energy SuppHed 



Useful Energy 
Made Available 



I — > p— Energy Discharged 

I ~? ~ l^v chriltecciver of Discharged 

I I cli Heat at Low 

LowlTcrap. Temperature 
f 2 above datum 

(6) 

Fig. 10. — Hydraulic Analogy. 



finding the area enclosed within the bounding lines of the 
cycle and multiplying this by a proper factor, the foot- 
pounds of work developed within the cylinder can be 
determined. 

16. Hydraulic Analogy. The operation of heat-engines 
is analogous to that of water-wheels. A water-wheel de- 
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velops mechanical energy by receiving water under a high 
head, absorbing some of its energy, and then rejecting the 
fluid under a low head. Similarly, the heat-engine receives 
heat energy at a high temperature (head), absorbs some of 
it by conversion into mechanical energy, and then rejects 
the rest at a low temperature (head). 

The analogy can be carried still further. The water- 
wheel cannot remove all the energy from the water, nor 
can the heat-engine remove all the heat-energy from the 
working substance. There is a certain loss in the material 
discharged in both cases and this cannot be avoided. 

This analogy is illustrated diagrammatically in Fig. 10 
(a) and (b) in which the widths of the streams represent 
quantity of energy. 



CHAPTER III 



STEAM 

17. Vapors and Gases. When a solid is heated, under 
the proper pressure conditions, it ultimately melts or fuses 
and becomes a liquid. The temperature at which this 
occurs depends upon the particular material in question 
and upon the pressure under which it exists. Ice, which 
is merely solid water, melts at 32° F. under atmospheric 
pressure, while iron melts at about 2000° F. under atmos- 
pheric pressure. 

When a liquid is heated, it ultimately becomes a gas, 
similar to the air and other familiar gases. If this gas is 
heated to a very high temperature and if the pressure under 
which it is held is not too great, it very nearly obeys certain 
laws which are simple and which are called the laws of ideal 
gases. 

When the material is in a state between that of a liquid 
and that in which it very nearly obeys the laws of ideal 
gases, it is generally spoken of as a vapor. This term is 
used in several different ways and with several different 
modifying adjectives which will be explained in greater 
detail in later sections. 

18. Properties of Steam. Of the many vapors used by 
the engineer, steam or water vapor is probably the most 
important, because of the ease with which it can be formed 
and also because of the tremendous field in which it can 
be used. It is generated in a vessel known as a steam boiler , 
which is constructed of metal in such a way that it can 
contain water, and that heat energy, liberated from burning 
fuel, can be passed into the water, converting part or all of 
it into water vapor, that is, into steam. 

27 
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The propert ies of water vapor must be thoroughly under- ' 
stood before the steam engine and steam boiler can be I 
studied profitably. Probably the easiest way of becoming 
familiar with these properties is to study the use made of 1 
heat in the fi;enerati()n of st^^am from cold water. 

19. Generation of Steam or Water Vapor. For the piw- 
poses of development, assume a vessel of cylindrical form, 
fitted with a frictionless piston of known weight, as shown 
in Fig. 11, («)and (6), the whole apparatus being placed 
under a bell-jar in w^hich a perfect vacuum is maintained* 
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Pump 

Fig. 11. — Formation of Steam at Constant Pressure. 



Assume one pmmd of water in the cylinder, with the piston 
resting on the surface of the litjuid. There will be some 
definite pressure exerted by tlie piston upon the surface of 
the li(iuid, and its value will be determined entirely by the 
weight of the piston. 

It is convenient in engineering practice to refer all 
vaporization phenomena to some datum temperature, and 
since the melting point of ice, 32° F., is a convenient refer- 
ence point, it is used as a standard datum temperature, in 
practically all steam-engineering work. Therefore, assuming 
the water in the jar to be at 32° F., if heat is applied the 
temperature of the liquid will rise approximately 1® 'F- 
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for every B.t.u. of heat added, since the specific heat of 
water is approximately unity. 

Experiment shows that for each pressure under which the 
water may exist some definite temperature will he attained at 
which further rise of temperature will cease and the liquid will 



440 

•g 400 
a 



I 

m 
I 

Pk LOO 



1^ 



80 



to 
























































































































































































































































































































































































































4 




















































L 


























































































































































i 


























































































































































































































































































































































































































































































































































































































































































































H 












































w 




i 






m 






10 


;5«J 




m 




» m 




m 


'is 



Fig. 12.— Pressure-Temperature Relations, Saturated Water Vapor. 

begin to change to a vapor, that isy to vaporize. The tem- 
peratures at which vaporization occurs at different pressures 
are called the temperatures of vaporization at those pressures. 

The temperatures of vaporization of water are plotted 
against pressure in Fig. 12. It should be noted that the 
values of vaporization temperature increase very rapidly 
for small pressure changes in the case of low pi^^^vix^"^, W\» 
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that, for the higher pressures, the variation of temperature 
is very small for enormous variations of pressure. This 
fact is of great importance in steam engineering. 

The temperatures of vaporization are tabulated with 
other properties of water vapor in so-called steam tables and 
are constantly referred to by engineers. An example of 
such a table is given on pp. 392 to 399. 

Returning now to the apparatus under discussion, as 
heat is supplied, the temperature of the water will rise from 
32° F. until it reaches the temperature of vaporization cor- 
responding to the pressure exerted upon the water by the 
piston. When this temperature is reached vaporization will 
begin, and if sufficient heat is supplied, will continue rvithoui 
change of temperature until the water is entirely converted 
into vapor. 

Up to the time at which vaporization starts the volume 
of the water will change very little, so that the piston wSi 
be raised only a negligibly small amount and practically no 
work will be done upon it by the water. On the other hand, 
when vaporization occurs the volume of the material will 
change by a very large amount and the piston will be 
driven out (raised) against the action of gravity. That is, 
work will he done by the steam in driving the piston out 
during the increase in volume which accompanies vaporiza- 
tion. 

It is found that a very great quantity of heat is used up 
during the process of vaporization despite the fact that no 
temperature change occurs. This is described by saying that 
the heat which is supplied during this period becomes laierU 
in the steam formed, and the quantity of heat is therefore 
spoken of as the latent heat of vaporization. It is assumed 
to consist of two parts, that used for separating the liquid 
molecules against their attractive forces and that used for 
doing the work which is done upon the piston as it is 
moved upward. The former is called the internal latent 
heat because it is used for doing internal or intermolecular 
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work; the latter is called external latent heat because it is 
used for the doing of external work. 

It is to be noted that the internal latent heat may be 
assumed to be tied up in some way within the molecular 
structure of the material and hence to be in the steam. 
The external latent heat, on the other hand, is used up as 
fast as supplied for the purpose of driving the piston out 
against the action of gravity. When the piston has been 
raised to any point, the energy used in raising it is not in 
the steam, but is stored as potential energy in the piston. 
To get it back the piston must be allowed to drop. The 
term external is therefore well chosen; the external 
latent heat is in no sense in the steam; it is stored in 
external bodies or mechanism. 

After the constant temperature vaporization is complete, 
the further addition of heat will again cause a rise of tem- 
perature and a gradual increase of volume. Such raising 
of the temperature of steam already foniied is called super- 
heating and results in carrying the vapor nearer and nearer 
to the condition in which it very nearly obeys the laws of 
ideal gases. Since an increase of volume accompanies super- 
heating, the molecules of the vapor must move farther and 
farther apart as superheating progresses. 

Vapor in the condition in which it is formed from the 
liquid and which has the same temperature as the liquid 
from which it was formed is called saturated vapor. This 
term can be pictured as meaning that the maximum number 
of molecules of vapor are packed into a given space; the 
addition of heat to saturated vapor would cause superheating 
and the separation of the molecules so that fewer could be 
contained in a given space. 

20. Heat of Liquid, q or h. Returning once more to 
the start of the process described in the preceding section, 
heat was added to water initially at 32° F. until the tem- 
perature of vaporization corresponding to the existing pres- 
sure was attained. The heat added during this period is 
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called the heat of the liquid, and is usually designated by the 

letups q or h. If the mean specific heat of water at con- 
stant pr(»ssure iCp) for the temperature range under con- 
sideration were constant, and equal to 1, then, since 

9 = Cp(«,-32) 

in which U i? the temperature of vaporization, it would 
follow that, for this pressure 

9 = ^-32 (12) 

Therefore, if water boils under a pressure of 50 lbs. at 
a ternp(»nitur(^ njad from the steam tables, of 281® F., it 
would follow that 

5 = 281-32 = 249 B.t.u. 

But th(^ st(»4un tabl(\s (see p. 394) for this pressure (60 
lbs.; f!;ive 7 = 250.1 B.t.u., indicating, as was shown in 
Chap. 1., that the s|)ecific heat of water does not remain 
coiistjint , and for this case the mean value must have been 
af)pr()ximately 1.004 as indicated by the following calcula- 
tion. 



q = (\ a.-32) or 250.1 =CpX249 

so that 

250.1 
249 



c,= ;;;; =1.004+ 



ITence it is always advisable to use the steam table 
valu(»s of (/, (»x('(»pt for very approxhnate calculations. 

21. Latent Heat of Vaporization, r or L. The heat 
sui)pli(Ml durinf!; the period of vaporization has already been 
refernMl to as the latent heat of vaporization and has been 
divided into internal and external latent heats. 

The int(Tnal latent heat is generally designated by p or 
by / and the external latent heat by the group of letters 
APu or by The group APu merely represents the prod- 
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uct of pressure, P, by volume change during vaporization, 
u, and by the fraction ^i^^ which is represented by A. The 
product of the first two terms gives external work in foot- 
pounds during vaporization, and dividing this by 778 (Joule's 
Equivalent) converts it to heat units to correspond with the 
other values. It should be noted that P in this expi ession 
stands for pressure in pounds per square foot. 

The total latent heat of vaporization is generally desig- 
nated by r or by L, and it follows from what has preceded 
that 

r = p+APu (13) 

The value of r for atmospheric pressure, that is, for a 
temperature of vaporization of 212° F., is very often used 
in engineering and should be memorized. Its value is now 
generally taken as 970.4 B.t.u., though recent work would 
seem to indicate a value of about 972 as nearer the truth. 

22. Total Heat of Dry Saturated Steam, X or H. The 
total heat required to convert a pound of water at 32° F. 
into a pound of saturated vapor at some temperature is 
called the total heat of the steam or the heat above 32° and 
is designated by X or by H, It is obviously the sum of the 
quantities which have just been considered, so that 

\=q+r = q+p+APu (14) 

23. Total Heat of Wet Steam. In practical work the 
engineer seldom deals with pure saturated steam, the satu- 
rated vapor nearly always carrying in suspension more or 
less liquid water at its own temperature. To distinguish 
between saturated steam which carries liquid water and that 
which does not, the former is called wet steam or wet 
saturated steam, and the latter dry saturated steam. 

The condition of dryness or wetness is described by what 
is known as the quality of the steam. Dry saturated steam 
is said to have a quality of 100 per cent while saturated 
steam carrying 10 per cent by weight ol Yvcvjoa^l \^ ^^xd. 
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have a quality of 90 per cent. Quality expressed as a I 
decimal fraction is designated by the letter x, so that if 1 1 
is said to be equal to 0.8 in referring to a certain sample of 
steam, it means that that steam sample consists of 80 per 
cent by weight of saturated steam and 20 per cent liquid 
at the same temperature. 

Since the water in wet steam has the same temj)erature as 
the steam, it contains all the heat of the liquid which it would 
contain if it had been converted into steam, but it obviously 
contains no latent heat of vaporization. It follows that the 
total heat in a pound of ivet steam (one pound of a mixture of 
saturated steam and water) with quality equal to x is 

Heat per pound = q+xr = q+Xf>+xAPu . . (15) 

The letter X should never be used in designating the total 
heat per pound of wet steam, as it has been chosen as the 
symbol of the total heat per pound of dry, saturated steam. 

24. Heat of Superheat. When the temperature of 
saturated steam is raised by the addition of more heat, that 
is, when it is superheated, a very definite quantity of heat 
is required. The quantity required per poimd per degreee 
would, by definition, be the specific heat of the material in 
question. 

If the specific heat of superheated steam were reasonably 
constant, the heat required to raise its temperature at 
constant pressure from saturation temperature to some 
higher value t2 would be given by the expression 

Heat required per pound = rp(/2 — ^p) 

but superheated steam, as handled by the engineer, is 
generally comparatively near the saturated condition, and 
under these circumstances the values of the specific heat vary 
rapidly with changes of pressure and temperature. The 
extent of these variations is shown in Fig. 13. It will be 
observed that for low pressures the specific heat is approxi- 
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mately constant at a value below 0.5 for any given pressure, 
but that for very high pressures it varies widely over a 
comparatively small temperature range. Thus at 600 lbs. 
per square inch the specific heat changes from unity at 
about 510° F. to 0.6 at about 550° F. 

Practically, it is customary to use the type of equation 
just given and to substitute a 7nean specific heat over the 
required temperature range for the specific heat which can- 
not be assumed constant without- too great an error. The 
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Fig. 13. — Progressive Values oi Specific Heat, Cp, Water Vapor. 



equation for heat required to raise the temperature from 
tv to <2 is then 



Heat of superheat per pound = Cp^i (<2—0- 



(16) 



in which Cpm stands for the mean specific heat at constant 
pressure over the temperature range from to <2. 

Values of mean specific heats of superheated steam are 
given in Fig. 14, the values indicated by the curves giving 
the mean specific heat between saturation temperg.turP8 ajld 
various higher temperatures at diflferent pressuie^. 
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26. Total Heat of Superheated Steam. The total heat 
required to convert one pound of water at 32° F. into 
superheated steam at a temperature of F. under constant 
pressure conditions is obviously 

Total heat per pound = g+r +Cp«(<2 — ^) . . (17) 




5U ' !rm m m) 

Temperatures above Saturation*^. 

Fig. 14. — Variation of Mean Specific Heat, Water Vapor. 

and representing the degrees of superheat (t2 — Q by D, as 
is customary, this becomes 



Total heat per pound = q+r+CpmD. 



(18) 



26. Specific Volume of Dry Saturated Steam, V or S. The 

volume occupied by one pound of a substance is spoken of as 
the specific volume of that material. In the case of dry 
saturated steam there are as many specific volumes as there 
are pressures under which the steam can exist. These 
values are generally tabulated in steam tables and are 
represented by the letter V or the letter S. 
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The values of the specific volumes of steam at different 
pressures are given in Fig. 15. It is important to note the 
very gradual change of specific volume at high pressures 
and the very rapid change and enormous increase at low 
pressures. These facts have considerable influence on steam 
engineering practice. 

^K(r~T— , T — r- 1 : ] I i - r— - T : -T 

FT- ri-'-ll- ! I l lH--h^ ' 
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Speciflc Volume of Dry Saturated Steam (Cubic Feet) 

Fig. 15. — ^Pressure-Volume Relations, Saturated Water Vapor. 

A curve giving properties of saturated steam is called a 
saturation curves so that this name may be, and often is^ 
applied to the curve given in Fig. 15. 

The volume occupied at any pressure by half a pound 
of dry saturated steam will obviously be half that occupied 
by one pound of such material at the same pressure, and 
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the same statement can be made for any other fraction of 
a pound. It follows that if the small volume occupied by 
liquid water in wet steam be neglected, the volume occupied 
by one pound of steam (mixture) of 50 per cent qu^ty 
can be assumed equal to half that occupied by an equal 
weight of dry saturated steam at the same pressure. A 
similar statement could of course be made for any other 
quality and a corresponding fraction. 

Hence if one pound of wet steam at a given pressure 
is found to have such a volume that it would be indicated by 
point b in Fig. 16, the quality of tliis material must be given 

by the expression x = ~^ if the volume occupied by the 

liquid water in the mixture be 
neglec^ted. 

27. Specific Density of Diy 

Saturated Steam, ~ or 5. The 

ivcight per cubic foot of saturated 

steam is spoken of as its specific 

density. The spe.cific density 

is obviously the reciprocal of 

. r^ specific volume and is there- 

FiG. 16. — Determining Quality 

from Volume. foro — 

y 

28. Reversal of the Phenomena Just Described. If any 

process which has resulted in the absorption of a quantity 
of heat by a substance be carried through in the reverse 
direction, the same amount of heat will again be given up. 
It follows that a pound of dry saturated steam will give up 
the total latent heat of vaporization when condensed to 
liquid at the same temperature, and that the resultant pound 
of hot water will give up the total heat of the liquid if cooled 
to32°F. J 

29. Generation of Steam in Real Steam fioiler. Jhp 
steam boiler is equivalent to a vessel partly filled with wat^ 
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and fitted with means for supplying heat to the water and 
for carrying off the vapor formed. This is shown diagram- 
matically in Fig. 17. At first glance this would not seem 
to be at all similar to the cylinder and piston already con- 
sidered, but it really is the exact equivalent so far as the 
generation of steam is concerned. The flow of steam out 
of the steam-pipe is restricted to the extent necessary to 
maintain a high and constant pressure within the boiler, and, 
when in regular operation, steam is formed within the 




Fig. 17. — Formation of Steam in a Steam Boiler. 



boiler under this pressure just as fast as necessary to replace 
that flowing out. 

By picturing the steam as flowing out in layers or lamina 
these lamina can be imagined as taking the place of the 
piston in the apparatus of Fig. 11, and each pound of steam 
formed will then push a piston before it exactly as was 
assumed in the previous discussion. 

30. Gauge Pressure. The steam pressure in a boiler is 
commonly determined by means of an instrument called a 
pressure gauge. These instruments are almost always con- 
structed about as shown in Fig. 18 (a) and (6). The Bourdon 
spring is a tube of elliptical section bent approximately 
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the arc of a circle. One end of this inlx^ is connected directlf 
to the pressure connection of the gauge and the other ecJ 
is closed and connected to a toothofl eector as sbowa. 

When the pressure inside a tuhi t(f this ehararter i: 
increased, the tube has a tendency to unroll ot BfcraighteB 
out; and in so doing it moves the fMttl6d Beoto? in srtich & 
way as to rotate the pointer or gauge hand and make its 
move over the scale in the direction of inoieasing prei^WM. 
With diminishing pressure the tube flfiia rolb up and 
rotates the hand in the opposite diis^etik^. 





Bourdon Preinw Qa^Bv 



Instruments of this kind are so made and adjusted that 
the hand points to zero when the gauge is left open to 
the atmosphere. Under such conditions the pressure inside 
the tube is equal to that of the atmosphere and is not zero. 
The gauge therefore only indicates pressures above atmos- 
pheric on its scale, and the total pressure inside the boiler 
is really that shown by the gauge plus that of the atmos- 
phere. 

Pressures as indicated by the gauge are called gauge 
pressures. Pressures obtained by adding the pressure of 
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the atmosphere to the reading of the gauge are known as 
absolute pressures. Then 

Absolute Pressure = Gauge Pressure + Atmospheric Pressure 
and 

Gauge Pressure = Absolute Pressure —Atmospheric Pressure. 

In accurate work the existing atmospheric pressure 
should be determined by means of the barometer, but for 
ordinary, approximate calculations and for cases in which 
no barometric data are available, it is customary to assume 
the pressure of the atmosphere to be equal to 14.7 lbs. per 
square inch. This is very nearly true, on the average, at 
sea level, but is generally far from true at higher elevations. 

PROBLEMS 

1. Determine by means of the steam tables the temperatures, 
total heats, heats of liquid, internal and external latent heats, and 
the specific volumes of 1 lb. of drj% saturated steam under the fol- 
lowing absolute pressures (lbs. per sq. in.): 15, 50, 95, 180 and 400. 

2. Determine the heats of the liquid, latent heats of vapor- 
ization and total heats for 2 lbs. of dry saturated steam at the 
following temperatures in °F.: 101.83, 212 and 327.8. 

3. Determine the volumes occupied by 2 lbs. of dry saturated 
steam under the conditions of problem 2. 

4. Determine the heats of the liquid, latent heats of vapor- 
ization and total heats for 1 lb. of saturated steam with a quality 
of 90% at the following absolute pressures: 25, 50, 75, 125. 

6. Determine the total heat above 32° F. in 12 lbs. of saturated 
steam with quality of 97% at a pressure of 125 lbs. per square inch 
absolute. 

6. What space will be filled by 20 lbs. of dry saturated steam 
at a pressure of 150 lbs. per square inch absolute? 

7. What space will be filled by 20 lbs. of saturated steam at a 
pressiu'e of 150 lbs. per square inch absolute and with a quality 
of 95% if the voliune occupied by the water present !)e neglected? 

8. How many pounds of dry saturated steam at a pressure of 
75 lbs. per square inch absolute will be required to fill a space of 
10 cu. ft.? 
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9. How many pounds of saturated steam with quality 96% 
and at a pressure of 1 10 lbs. per square inch absolute will be required 
to fill a space of 8 cu. ft.? 

10. How much external work, measured in B.t.u., is done when 
1 lb. of water at the temperature of 212° F. is converted into dry 
saturated vapor at the same temperature? 

11. How much external work, measured in foot-pounds, is 
done when 2 lbs. of water at a temperature of 212° F. are converted 
into 90% quality steam at the same temperature? 

12. How much heat is required for doing internal work during 
the vaporization of 1 lb. of water under such conditions that the 
total latent heat of vaporization is 852.7 B.t.u. and the external 
latent heat is 83.3 B.t.u.? 

13. What is the quality of steam containing 1000 B.t.u. above 
32° F. per pound when under a pressure of 150 lbs. per square 
inch absolute? 

14. Heat is added to 1 lb. of mixed steam and water while the 
pressure is maintained constant at 100 lbs. per square inch absolute. 
The percentage of steam in the mixture is increased thereby from 
50% to 95%. 

(a) How much heat was added? 

(6) How much internal latent heat was added? 

(c) How much external latent heat was added? 

16. How much heat is required to completely vaporize 1000 
lbs. of water at a temperature of 92° F. when pumped into a boiler 
in which steam is generated at a pressure of 150 lbs. per square 
inch gauge? Note that heat above 32° F. in 92° F. water is given 
as g in steam tables for a temperature of 92° F. . ^ 

16. Find the amount of heat necessary to produce in a bolllr 
200 lbs. of steam having a quality of 97% at a pressure of 100 Ibfe. 
gauge when the feed water has a temperature of 205° F. ^ 

17. What volume would be occupied by the material leaving 
the boiler in problem 16, neglecting volume occupied by water? 



CHAPTER IV 



THE IDEAL STEAM ENGINE 

31. The Engine. If thie cylinder and piston assumed in 
the discussion of the last chapter be imagined as turned 
into a horizontal position and fitted with a frame, piston 




Fig. 19. — ^Siirple Steam Engine. 



rod, crosshead, connecting rod, crank shaft and flywheel 
as in Fig. 19, a device results which might be used as a 
steam engine for the production of power. By adding heat 
to, and taking heat from, the water and steam in the cylin- 
der in the proper way and at the proper time, the water 
and steam, or working substance, can be made to do work 
upon the piston. The piston can transmit this work 
through the mechanism to the rim of the flywheel, and it 
can be taken from the rim by a belt connected to a pulley 
on a machine which is to be driven. 

43 
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To make the analysis easier, a simplified type of engine I 
will Ix; assumed. It is shown in Fig. 20 and consists of the] 
same cylinder, piston and piston rod as just describeA 
A wire is fastened to the end of the piston rod and run ba«k 
over a pulley in such a way that a weight fastened to the 1 
free end of the wire will be raised if the piston moves out ' 
The weight is made up of two parts, one large and one smalL 
When both are on the wire the pull which they exert causes 
the piston to exert a high pressure upon whatever is coq- 




Tolumo 

Fig. 20. — Simplified Steam Engine. 



<ain(id in the cylinder. When only the small weight hangs 
on the wire, the piston exerts a much lower pressure upon 
the material in the cylinder. 

Imagine that the piston and the walls of the cylinder 
are made of some ideal material which will not receive or 
conduct heat. Imagine also that the cylinder is fitted 
with a permanent head which is a perfect conductor of 
heat. These conditions are of course ideal but are assumed 
for the sake of simplicity. 

Assume further that, when one pound of water is con- 
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tained in the cylinder and the piston is driven into the 
cylinder by the two weights until the space between the 
piston and the cylinder head is just large enough to 
contain the pound of water, the piston exerts a high 
pressure equal to Pi pounds per square foot against the 
water. The volume of this water and the pressure upon 
it can be represented by the point a of the PV diagram, 
Fig. 20. 

32. Operation of the Engine. With conditions as de- 
scribed in the preceding paragraphs, imagine a flame or 
other source of heat at high temperature to be brought into 
contact with the conducting cylinder head and to pass heat 
into the cylinder, raise the temperature of the water within 
to the temperature of vaporization and ultimately vaporize 
it. As the water vaporizes it will push the piston out of the 
cylinder just as described in the last chapter and a hori- 
zontal line such as ah in Fig. 20 will represent the increase 
of volume (vaporization) at constant pressure. The point 
b may be assumed to represent the volume of one pound 
of dry saturated vapor at a pressure Pi. Obviously the 
steam, as it is formed, does work in driving out the piston 
against the resistance offered by the weights which must be 
raised. 

If a stop is provided which will prevent the movement 
of the piston beyond the position corresponding to the 
point b, it will be possible to remove the larger weight when 
that point is reached and the high pressure steam will hold 
the piston and rod hard against the stop. If now some 
cooling medium is applied, such as a large piece of ice held 
against the conducting head of the cylinder or water running 
over that head, heat will be abstracted and a partial con- 
densation of the steam within the cylinder will occur. 
As condensation progresses the pressure will drop because 
there will be less and less steam, by weight, in a given 
volume. Such a process, would be indicated by the line 
be which represents a drop of pressure, while the volume 
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contained within the cylinder walls between head and 
piston remains constant. 

When some point c is reached, the steam pressure wiD 
have been reduced to a value equal to that exerted by the 
small weight, and the piston will be driven in toward the 
cylinder head while the heat absorbing medium continues 
to remove heat from the steam and to cause further conden- 
sation. The combination of piston motion and heat ab- 
sorption will be so regulated that the pressure remains con- 
stant at P2 during this process, because the "weight will 
move the piston inward just as fast as necessary to main- 
tain a constant pressure. If sufficient heat is absorbed, 
the pound of material within the cylinder will ultimately 
all be condensed or liquefied and will just fill the volume Vd. 

The heat absorbing body may now be removed and an 
infinitesimal motion of the piston toward the head would 
serve to raise the pressure on the liquid water from P2 to 
Pi so that the volume Vd may be taken equal to the volume 
Va and the line da may be assumed to be vertical. It 
would then represent an increase of pressure at constant 
volume. This might be caused by hanging a weight of the 
larger size on the wire when condition d was reached. 

Having brought the material, or working substance, 
back to the conditions originally shown at a, the high 
temperature source of heat can again be brought in contact 
with the end of the cylinder and the entire cycle carried 
through once more. There is obviously no reason why it 
could not be repeated as often as desired. 

33. Work Done by the Engine. If the device just 
described is to serve as a steam engine, it must actually 
make mechanical energy available, that is, it must convert 
into mechanical form some of the heat energy supplied it. 
It is now necessary to see whether it does so. 

Water vaporizing and increasing in volume as from 
Va to Vb was shown in the last chapter to do work upon the 
piston confining it. Work has been shown to be equal to 
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(total force X total distance) and in this case if L repre- 
sents the distance in feet traveled by the piston, the work 
done by the steam upon the piston while the latter moves 
from a' to h' must be 

Work done on piston = total force X distance 

= Pi X area of piston XL . . . ft.-lbs. 

But the product of area of piston in square feet by 
distance traveled in feet is equal to the piston displace- 
ment or volume swept through by the piston, that is 
(F&— Va) cubic feet. Therefore 

Work done on piston = Pi(Fft— W) ft.-lbs. . (19a) 

= ^^'^_^«) B.t.u. . (196) 

The first form of this expression Pi(F&— Fn) is very 
obviously represented by the area under the line ab in 
Fig. 20 and this area therefore represents the work done by 
the steam upon the piston during the change of volume at 
constant pressure represented by that line. While the 
steam is supplying this amount of energy to the piston or 
doing this amount of v^ork upon the piston, the latter does 
an equivalent amount of work upon the weights if friction- 
less mechanism be assumed. In such a case the total 
weight hung on the wire multiplied by the distance raised 
would therefore give the same result in foot-pounds as 
that just obtained. 

It should be noted that Eq. (19) is merely an expression 
of the external work done during vaporization, that is, 
jin expression of the amount of heat which is used for the 
doing of external work. It is the exact equivalent of the 
external latent heat previously discussed. In fact, the 
group of symbols APu is really a condensation of Eq. (19) 

formed by putting A for ~- and u for (F^— Fa). 
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The line cd also represents a change of volume at con- 
stant pressure and the same type of formula as applied 
to ab will express the work done during this process. In 
this case, however, the piston is being pushed into the 
cylinder by the small weight against the pressure of the 
steam, and energy is being supplied to push the piston in. 
This energy is equal to the weight of the small weight 
(pounds) multiplied by the distance it falls (feet). The 
piston is therefore doing work upon the steam, and the 
amount is 

Work done on steam = P2(Fc-Fd) ft.-lbs. . . (20) 
.?!(^WB.t^ . . (21) 

The first form of expression also represents the area under 
the line cd and this area therefore represents the work 
done by the piston upon the steam mixture in the cylinder 
during the process represented by cd. 

No work can be done by steam on piston or by pistor 
on steam during the processes represented by be or da 
because both the weights and the piston are stationary' 
during these changes and it has already been shown that 
work involves motion. 

The total work done upon the piston by the steam 
is therefore represented by the area abef and this amount 
of energy is used in raising the two weights through a 
vertical distance equal to the piston travel. Some of 
this energy, or its equivalent, will have to be returned an 
instant later, however, in order that the piston may do the 
work shown by the area cdfe upon the steam. It is returned 
by the small weight dropping through a distance equal to 
the travel of the piston. The net mechanical energy 
made available by carrying through the series of processes 
is therefore represented by the area (abef) — (cdfe) = {abcd\ 
or the area enclosed by the four lines representing the 
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pressure and volume changes experienced by the working 
substance during one cycle of events. It is equal to the 
work done in raising the larger weight a vertical distance 
equal to the travel of the piston. 

This net energy made available is obviously 

Energy made available = Pi (F*- Va) -P2(Vc- Va) 

= (Pl-P2)(n- Va) ft.-lbs. (22) 

Since this amount of energy is made available while one 
cycle of events is being carried out and since the cycle 
can be repeated time after time if sufficient heating and 
cooling mediums are available, any quantity of mechanical 
energy can be produced from heat energy by repeating the 
cycle a sufficient number of times. This would correspond 
to picking up a number of the larger weights which were 
slid on to the wire at the lower elevation and slid off at 
the higher. 

This repetition of cycles would correspond, in a real 
engine, to running at such a speed that the required number 
of cycles would be produced in a given time to make avail- 
able the amount of mechanical energy required. 

Or, the power made available per cycle could be increased. » 
This is easily seen by an inspection of Eq. (22). Increas- 
ing the value of either of the right-hand terms will obviously 
increase the amount of energy made available. The 
value of (Pi — P2) can be increased by raising the initial 
pressure Pi or by lowering the final pressure P2. The value 
of (Fft— Va) may be increased by using more than one pound 
of material, thus increasing both the volume Vb of the satu- 
rated steam formed and increasing the volume Va of the 
liquid water, but getting a greater numerical value for 
(Fft— Fa). This would correspond in a real case to using 
a larger cylinder and therefore a larger engine. 
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ILLUSTRATIVE PROBLEM 

An engine of the tyi>e described is to work with a maximum 
pressure of 100 lbs. per square inch absolute and a minimum 
pressure of 15 lbs. per square inch absolute. The cylinder is to 
be of such size that 1 lb. of water is used and the steam is to be 
dry and saturated at the point b of the cycle. 

Find: (a) the amount of mechanical energy made available 
per cycle; (h) the amount of energ>^ made available per minute 
if 150 cycles are produced per minute; and (c) the horse power of 
the engine. 

It will first be necessary to find the piston displacement required 
and the space necessary between piston and cylinder head to 
accommodate the pound of water in liciuid form. The steam tables 
give the volume of one pound of dry saturated steam at 100 lbs. 
per scjuare inch as 4.429 cu.ft. and the volume of one pound of 
water may be taken as 0.017 cu.ft. The values of the various 
volumes and pressures will therefore be 

Fa = rd =0.017 cu.ft.; 

7^, = Fc =4.429 cu.ft.; 

p„ =Pft = lOOX 144 = 14,400 lbs. per sq.ft.; 

P, =Pa = 15X 144 =21 GO lbs. per sq.ft. 

(a) Using Eq. (22) the amount of mechanical energy made 
available per cycle will be 

(Pi -Pi){Vt - Va) = (14,400 -2160) (4.429 -0.017) 
= 12,240X4.412; 
= 54,002.88 rt.lbs. 

(b) If 150 cycles are produced per minute, the total amount 
of mechanical energy made available per minute must be 

150X54,002.88 =8,100,300 ft.-lbs. 

(c) The horse power must then be 

8,100,300 



34. Heat Quantities Involved. It is a very simple 
matter to determine the quantity of heat which must be 
supplied to produce the process a6, and the quantities of 
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heat which must be removed to produce the processes 
be and cd. This can be done by making use of the known 
properties of water and steam as given in the steam 
tables. 

The water at d must be at the temperature of vaporiza- 
tion corresponding to pressure P2 since it has just been 
formed by condensation from steam under that pressure. 
It therefore contains the heat of the Hquid corresponding 
to that pressure. If it is to be vaporized at pressure Pi, it 
must first be raised to the higher temperature corresponding 
to that pressure. The amount of heat required to do this 
will obviously be the difference between the heat of the 
liquid at the temperature corresponding to Pi and the heat 
of the liquid at the temperature corresponding to P2. 
These can be found in the steam tables. 

The latent heat of vaporization at Pi must then be added 
to cause the increase of volume shown by a6. This can 
also be found in the steam tables for any given case. 

The quantity of heat which must be removed to produce 
the processes represented by be and cd can be found sim- 
ilarly from steam table values, although the exact method 
of procedure is not quite as obvious as in the preceding 
cases. 

Assuming that it is possible to find tlie heat supplied, 
Qi, and the heat removed, Q2, it is obvious that the energy 
made available in mechanical form, per cycle, must he 
equal to {Q1 — Q2) B.t.u., since this is the amount of heat 
energy which has disappeared and since it cannot have 
been destroyed. This may be put in the form of an equa- 
tion, thus 

Energy made available = Qi — . . (24) 

If the proper substitutions are made in this formula and it 
is then simplified, it becomes 

Energy made available = (APu) p^—Xc{APu) p, B.t.u., (25) 
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in which 

(A Pu)pi = the external latent heat at pressure Pi; 
{APu)p^ = the external latent heat at pressure P2, and 
a::c = quality at point c, which can be found from 
the ratio of dc to dc\ 

Numerical substitution in this equation for any given 
case will show that it gives exactly the same values as would 
be obtained by the use of Eq. (23). 

It is to be noted particularly that the energy made 
available is actually less than the external latent heat at 
the higher pressure, while the heat supplied must be equal 
to the total latent heat plus some of the heat of the liquid. 
An inspection of the steam tables will show that the exter- 
nal latent heat for ordinary steam pressures forms a very 
small fraction of even the total latent heat, and therefore 
the mechanical energy made available for a given expendi- 
ture of heat energy is very small in the case under dis- 
cussion. 

35. Efficiency. The term efficiency is used in engineer- 
ing as a measure of the return obtained for a given expendi- 
ture. It may be defined in any one of the following ways: 

. Useful resul t 

Expenditure made to obtain that result 

_ Result 

"EffOTt 

Input ^^^^ 



In the case of a heat engine, the useful result is the 
mechanical energy obtained by the operation of the engine, 
while the expenditure made is the heat which is supplied. 
For this case efficiency may therefore be defined by the 
expression 
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Engine efficiency = 



Mechanic al energy obtained p er cycle 
Heat supplied per cycle 



Qi 



(27) 



" Qi 



(28) 



in which 



E stands for mechanical encrg>' obtained, 
Qi stands for heat supplied, and 
Qz stands for heat rejected. 



In the case of the type of steam engine just considered, 
this efficiency would have a value between 6 and 8 per 
cent for ordinary pressures. That is, the engine would 
produce in mechanical form only 6 to 8 per cent of the 
energy supplied it in the form of high temperature heat. 
Moreover, these figures would hold only for a theoretically 
perfect engine; a real engine built to operate upon this 
cycle would probably give efficiencies of the order of 2 to 
3 per cent. The reasons for this great discrepancy will be 
discussed in a later chapter. 

36. Effect of Wet Steam. In what has preceded, it 
was assumed that the pound of steam was completely vapor- 
ized along the line ah so that dry, saturated steam existed 
in the cylinder at b. It might, however, be assumed tliat 
vaporization was incomplete at the upper right-liand 
corner of the cycle, so that this point occurred at a point 
to the left of b and with a quality x at that point less than 
unity. 

Under such conditions, the cylinder would not have to 
be so big, since the maximum volume attained by the steam 
would be smaller than in the preceding case. The work 
done per cycle would obviously be smaller in quantity, 
because the area enclosed within the lines of the cycle would 
be smaller. It can also be shown that the efficiency would 
also be lowered by lowering the quality at b. 
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37. Application to a Real Engine. The engine which 
has been described in the preceding paragraphs could easily 
be converted into the counterpart of a real engine by sub- 
stituting connecting rod, crank shaft and flywheel for wire, 
pulley and weights as described in the first paragraph of 
this chapter. It could then be made to do work in just 
the same way as has been described; some of the energy 
made available during the outstroke would be used for 
overcoming resistance at the shaft, that is, doing useful work, 
and some of it would be stored in the flywheel which would 
speed up slightly. The energy which must be expended on 
the steam during the return stroke would be obtained by 
allowing the flywheel to slow down and thus deliver suf- 
ficient kinetic energy to drive the piston back against the 
low-pressure steam. The cycle and the efficiency would 
thus, theoretically, be exactly the same as those just in- 
vestigated . 

Great difficulty would, however, be met in a real engine 
if the steam had to be formed and condensed within the 
cylinder, and another method which gives the same results 
is therefore used. Steam is generated in a boiler and 
allowed to flow into the cylinder and push out the piston 
just as though it were actually being formed in the cylin- 
der as previously described. When the piston reaches the 
end of its outstroke the inlet valve is closed and the exhaust 
valve is opened, allowing some of the steam to blow out 
into a space in which a lower pressure exists. As the 
piston stands still at the end of its stroke while the pres- 
sure drops, the line 6c is produced as in the previous descrip- 
tion, but by a different method. The piston then returns 
and drives the remaining steam out of the cylinder at a 
constant pressure theoretically equal to that of the space 
into which the steam is being forced or exhausted. The 
line cd is thus produced and the closure of the exhaust 
valve and opening of the admission valve when d is reached 
will start the cycle over again. 
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In order to get more work out of a givoii size of cylinder 
and to obviate the necessity of giving back energy wliich 
has ah-eady Ix^en given out, engines are g(»nerally made to 
take steam on both sides of the piston. They arc* tlien 
known as double acting engines. In this case the steam 
admitted on one side of the piston would supply tlie emTgy 
necessary both for overcoming the resistance due to the 
load and for driving out the low-pressure steam on tlie 
other side of the piston. On the return stroke conditions 
would be just reversed. 

38. Desirability of Other Cycles. The cycle of opera- 
tions described in preceding paragraphs is the most inef- 
ficient of all those actually used, tliat is, it gives tlie small- 
est return for a given amount of heat supplied. 1'his 
is because only the external latent heat suppli(Ml is con- 
verted into mechanical energy and pint of (hat (MUTgy 
must be returned to complete the cycle. All of (he int(Tnal 
latent heat and all of the heat of the licjuid supplied along 
ab pass through the engine without conversion and iire 
exhausted. 

Therefore, cycles which differ from that described 
in such a way as to make it possible to convert into nun-hani- 
cal energy some of the internal latent heat and possibly 
some of the heat of the liquid should be highly desirable 
as they ought to yield a larger return of mechanical (Miergy 
for the same total amount of heat supplicMl. Two such 
cycles are commonly used; they may be (lescril)e(l as the 
Complete-expansion cycle and the Incomplete-expansion cycle. 
The former is used in steam turbinc^s, the latter in most 
reciprocating steam engines. The nn'tangular cycle which 
has just been described is used in duph^x pumps and similar 
apparatus. 

39. The Complete-expansion Cycle. This cycle, which 
is also known as the Clausius and as the Kankine cycle, 
starts just the same as that already described. This is 
shown in Fig. 21. The pressure on, say, a pound of water 
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is raised from P2 to Pi and its temperature is raised from 
that of vaporization at P2 to that of vaporization at ?\. 
After this it is vaporized, giving the increase of volume 
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Fig. 21. — Complete Expansion Cycle or Clausiuu Cycle. 



shown by ab. The supply of heat is then stopped. The 
cylinder of the engine is made larger than in the preceding 
type so that when the point fe' is reached the piston can 
travel still further, and it is allowed to do so, that is, the 
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high-pressure steam is allowed to push it further out. This 
can be pictured by imagining the steam to act like the 
compressed spring shown in the figure and to push the 
piston in much the same way as does the spring. The line 
bici shows the decreasing pressure exerted on the piston by 
the spring as the latter expands so as to get longer anH 
longer. Because of the properties of a spring this is a 
straight line. The line be shows the decreasing pressure 
exerted on the piston by the steam as the latter expands 
so as to occupy greater and greater volumes. Because of 
the properties of steam this line is curved instead of straight. 

Work will be done on the piston by the expanding 
steam during the process be and the amount of this work 
will be indicated by the area under the line be as shown 
in the figure. This work must have been done by the 
expenditure of energy on the part of the steam and since 
no energy was added after the point b was reached the work 
must have been done at the expense of heat energy contained 
in the steam at b. It has already been shown that the 
heat above 32° in the steam at b is equal to the sum of the 
heat of the liquid and the internal latent heat, and some 
. of this heat must obviously be used for the doing of work 
along be instead of being entirely rejected to the cooling 
medium as in the preceding cycle without expansion." 

The expansion of the steam continues until the back 
pressure " P2 is reached. The cooling medium may then 
be imagined to be brought into use and to abstract such 
heat of vaporization as may remain in the steam besides 
absorbing the equivalent of the work done on the steam 
by the returning piston, thus giving the process shown by 
fte line ed. 

If the expansion line be of the cycle just described 
could be carried out within walls constructed of such mate- 
rial that it would not give heat to nor take heat from 
the steam, it is obvious that any heat energy lost by the 
iteam during the expansion could be lost only by conver- 
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sion into mechanical enerp:^'. An expansion of this kind I 
is called an adiabatic expansion. | 

In the fij^ure, the curve of adiabatic expansion is sho^^-n I 
in its correct position with respect to the saturation cur\'e 
and it is obvious that for an adiabatic expansion, starting 
mth dry, saturated steam, the quality decreases OrS the expan- 
sion progresses. 

Coviparison with Cycle vrithout Expansion. The heat 
supplied is the same in both of the cycles just considered 
when they operate between the same two pressures, but 
the mechanical energy obtained in the case of the complete 
expansion cycle is much greater. In Fig. 21, for instance, 
the mechanical energy obtainable with the cycle first 
described is reprcsentiHl by the area abd^d while that obtain- 
able with the complete expansion cycle with the same 
heat supply Qi is represented by the same area abd'd plus 
the additional area bcd\ The efficiency of the complete 
expansion cycle is therefore very nmch higher than that 
of the cyv\e without expansion. 

For conditions similar to those giving a theoretical 
efficiency of about 6 per cent without expansion, the com- 
plete expansion cycle will give a theoretical efficiency of 
about 12 per cent and this figure can be doubled by 
expedients which will be considered later. 

The cylinder required for the i)roduction of the com- 
plete expansion cycle would be much larger than that re- 
quired for the other cycle if both used the same weight of 
steam per cycle. The proportion would be in the ratio 
of the volume shown at c in Fig. 21 to the volume shown 
at b. But the complete expansion cycle would make avail- 
a})le much more energy per pound of steam than would 
the other, so that the difference in the size of cylinders 
would not be so great if both were required to make avail- 
able the same amount of mechanical energy per cycle. 

40. The Incomplete-expansion Cycle. The shape of 
this cycle is shown in Fig. 22. It is just like the complete 
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expansion cycle down to the point c. The cylinder in which 

it is produced has a smaller volume than that used for the 

complete expansion cycle so tliat the piston arrives at the 

end of its stroke before it 

has opened up volume 

enough to enable thc^ 

steam to expand all the 

way down to the lowest 

pressure (terminal or back 

pressure). When the point 

c is reached in the real 

engine, the exhaust valve 

is opened and enough ,,001 w 1.^ 1 
^ ^ tiG. 22. — Incomplete ii.xpan.sion Cycle. 

steam then blows out to 

reduce the pressure to the back pressure Pd. The piston 
then returns and drives out the remainder of the steam as 
shown by the line de. 

In the ideal method assumed in the preceding treat- 
ment, the heat absorbing medium would be brought into 
use at c, absorbing sufficient heat to reduce the pressure 
from Pc to Pd while the piston remained stationary at the 
end of its stroke. The latent heat of vaporization remain- 
ing in the steam at d would then be absorbed as the piston 
was driven back from d to 6. 

Comparison with Other Cycles, The incomplete expan- 
sion cycle is intermediate between the two previously dis- 
cussed. This can be appreciated readily by an inspection 
of Fig. 22. In this figure the area ahd'e represents the 
mechanical energy obtainable with the cycle without 
expansion; the area abc'e represents the energy obtainable 
from the same quantity of steam with complete expansion; 
and the area abcde represents the energy obtainable from 
the same amount of steam with incomplete expansion. 

The later the point at which the exhaust valve is opened, 
point c, the more nearly do efficiency and energy obtain- 
able approach the values for the complete expansion cycle. 
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The earlier the point at which the exhaust vaJve is opened, 
the more nearly do efficiency and energy obtainable approach 
the values for no expansion. 

Despite the lower efficiency of the incomplete expan- 
sion cycle as brought out in connection with Fig. 22 it is 
universally used on all reciprocating engines excepting 
those which make no pret-ense to economy and use no 
expansion. The less efficient cycle is used for the simple 
reason that complete expansion in a reciprocating engine 
does not pay conmiercially. For complete expansion the 
cylinder must be larger in the ratio of Vc to F^.' as shown 
in Fig. 22 and the work obtained by completing the expan- 
sion is a very small part of the total. In most cases it 
would not be great enough to overcome the friction of the 
engine, not to mention paying interest on the necessarily 
higher cost of the larger cylinder and accompanying parts. 

It will be shown in a later chapter that the steam tur- 
bine can economically expand the steam completely and 
the complete expansion cycle is therefore used with such 
prime movers. 



CHAPTER V 



ENTROPY DL\GRAM 

41. Definitions. In Chapter III temperature, pressure 
and volume were discussed as criteria determining the con- 
dition of water and steam. Other things may be used in 
determining the condition of such materials. One which is 
particularly useful from an engineering standpoint is known 
as entropy and is designated by the Greek letter ^. 

For every condition of water and steam, there is a char- 
acteristic value of entropy just as there is a characteristic 
value of temperature, pressure, volume, heat above 32° F., 
etc. These values of entropy are given in the steam tables 
in just the same way as the value of temperature, pressure, 
volume, heat above 32** F., and such, are given. 

The entropy of the liquid given for any particular pres- 
sure is the change of entropy experienced by one pound 
of the liquid when its temperature is raised from 32° F. 
to the temperature of vaporization corresponding to that 
particular pressure. It might be spoken of as the entropy 
of the liquid above 32° F., just as g is spoken of as the heat 
of the liquid above 32° F. It is represented by <t>i. 

The entropy of vaporization given for any particular 
pressure is the change of entropy experienced by one pound 
of the material while changing from water at the tempera- 
ture of vaporization to dry saturated steam at constant 
pressure. It corresponds to the latent heat of vaporiza- 
tion and is designated by 

The entropy of dry saturated steam at any pressure is 
the sum of <t>i and <^ and therefore is the total change of 
entropy experienced by a pound of material in changing 
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from wat^r at 32® F. to dry saturated steam at the particu- 
lar pressure in question. 

The entropy of superheat at any pressure and tempera- 
ture is the change of entropy experienced by a pound of 
dry, saturated steam at that pressure when superheated 
to that i)articukir temperature. It is designated by <t>,. 

The entropy of superheated steam at any pressure and 
temperature is the total change of entropy experienced by 
one pound of material when changed from water at 32° F. 




Fui. 23. — 'reniperatiirc-Entroi)y Diagrams. 



to superheated steam at the pressure and temperature 
in question. It is equal to (t>i+ <pp+ <t>s' 

42. Temperature-Entropy Chart for Steam. Entropy 
is particularly useful to the engineer because it enables him 
to draw charts which lend themselves readily to an easy, 
graphical solution of certain problems which would other- 
wise involve complex calculations. One of these charts 
is known as the Temperature-Entropy Chart. 

In making this chart, absolute temperature is generally 
plotted on the vertical and entropy above some datum tem- 
perature on the horizontal, as shown hi Fig. 23 (a) and (6), 
which represents the construction of a temperature entropy 
diagram for water and steam. The entropy values on 
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this chart are plotted above 32° F. as datum t<*inpera- 
ture. 

The water line or water curve is obtained by picking 
out of the steam tables the values of <t>iy entropy of the licpiid, 
for different presvsures and plotting them against the abso- 
lute temperatures corresponding to those pr(\ssurcs. Ob- 
viously, zero of entropy will occur at the absolute tempera- 
ture corresponding to 32° F., i.e., about 492° F. abs. 

The sattiration curve or dry steam curve is obtained by 
picking out of the steam tables the values of <t>i+<t>9 for 
different pressures and plotting against corresponding 
absolute temperatures. 

The entropy of vaporization is obviously shown for each 
different temperature (or pressure) by the distance Ix^twcHMi 
the water curve and the saturation curve, since the former 
is distant from the vertical axis by an amount equal to 
while the latter is distant an amount e(|ual to <t>i + <t>V' 

Superheating lines are drawn by picking from the steam 
tables the values of entropy above 32° F. for steam sufx^r- 
heated to different lemperatm-es at one particular i)ressure 
and plotting against the pro|KM- temi)eratur(\s. Then^ will 
be as many superheating lines on the diagi*am as one chooses 
pressures for which to plot them. Only one is shown 
in the figure. 

One very useful property of this diagram follows from the 
fact that points on its surface indicate the condition of the 
material. For instance, if the temperaturo-cMitropy, or 
T—ftf, values of the material at a given condition should 
plot to the left of the liquid line, the material nmst be in the 
liquid condition; if they plot between the licjuid line and the 
saturation curve, the material nmst be a mixture of liciuid 
and saturated vapor; if they plot on the saturation curve, 
the material must be dry, saturated steam; and if they 
plot to the right of the saturation curve, the material must 
be superheated steam. This all follows directly from the 
definition of entropy above 32° F., as plotted in these dia- 
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grams. The various regions, or fields, into which the dia- 
gram divides in this way are shown in Fig. 23 (a). 

Another very useful property of this diagram follows 
from the faet that ai*ea represents heat just as area on a 
pr(\ssu re-volume diagram was found to represent wort 
Thus the area \mder the line ab, for instance, represents 
the heat required to raise the temperature of one pound 
of water from 32° F. to the temperature at h. Similarly 
the area under the line he represents the heat required to 
change a pound of wat^r at the temperature at 6 to a pound 
of dry, saturated steam at the same temperature. The 
heat required to superheat this pound of saturated steam 
at constant pressure up to the temperature shown at d 
is shnilarly represented by the area imder the line cd. 

In this connection, it should be noted that this diagram 
is plotted above absolute zero of temperature just as the 
pressure-volume diagram is plotted above absolute zero of 
I)ressure. The areas in question therefore extend down 
to the absolute zero of temperature. In order to indicate 
this in Fig. 23 (6), a large part of the chart is supposed to 
have been broken out, so that the lower end of the diagram 
could be moved up into view. In Fig. 23 (a), the bottom 
of the diagram is drawn a few degrees below 32° F. and 
this is indicated by putting 7" >0 opposite the horizontal 
axis. 

The various areas hatched in Fig. 23 (6) indicate the 
various quantities of heat previously discussed. It should 
be understood that the areas represent the heat quantities 
only for the particular pressure which corresponds to the 
temperature indicated by T^. For a higher pressure, the 
line he would be higher and the areas proportionately 
larger; for a lower pressure the line he would be lower and 
the areas smaller. 
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ILLUSTRATIVE PROBLEM 



Starting with liquid at a temperature Ti corresponding to the 
temperature of vaporization at a pressure of 5() Ihs. per sciuare 
inch absolute, assume the Hquid raised to the temperature of 
vaporization at a pressure of 100 lbs. per scjuare incli absolute 
and then completely vaporized. Determine the various changes 
of entropy and indicate them on a 7'</>-chart. 

The steam tables give entropy of the liquid, as eciual to 
0.4113 for water about to vaporize under 50 lbs. ]kt scj. in. 
absolute, and 0.4743 for water about to vaporize uncler a pros- 
sure of 100 lbs. per sq. in. absolute. The difference, that is, 
0.4743-0.4113=0.0630, must be 
the entropy change experienced 
by the liquid when its tempera- 
ture is raised from the lower to 

the higher value. These values 

fare shown in Fig. 24. 

The steam tables give entropy 

of vaporization, <t>vj at 100 lbs. per 

square inch absolute as 1.1277. 

Adding this to the entropy above 

32° F. of the hquid at vaporiza- 
tion temperature under 100 lbs. 

pressure gives 0.4743+1.1277 = 

1.602 as the entropy above 32° 

of dr>', saturated steam at 100 

lbs. per square inch absolute. These values are all indicated in 

their proper position in Fig. 24. 

The total change of entropy experienced by the material in 

changing from water at the temperature of vaporization under 

50 lbs. pressure to dry, saturated steam at 100 lbs. pressure is 

obviously equal to 0.0630+1.1277 =1.1907. 

43. Quality from T<^>-chart. The entropy chanf^e ex- 
perienced by steam in the process of vaporization is directly 
proportional to the addition of heat. Thus, when half 
the latent heat has been added to one pound of material, 
the entropy change is |<^)p. In general, if a fraction x of 
the latent heat has been added, the entropy change has 
been x<l>t during the process. Therefore, if the temperature 
entropy condition of a pound of material should plot at a 




Fig. 24. 
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point such as c in ¥i^. 25, it follows that the material is 
a mixture of water and steam and that a fraction of the 

pound equal to — is steam, the rest being water. But, 
oa 

be 

by definition, the fraction ^ is x, the quality of the 
material. 

The temperature-entropy chart is very useful when used 
in connection with this property of showing quality. Thus, 
in Fig. 25, the area under 6c, down to absolute zero tem- 
perature, represents the fraction of the latent heat of 



Fig. 25. — Qiiality from Temj)erature- Fig. 26. — Constant Quality 



vaporization per pound which must be added to give a 
pound the quahty x. 

For convenience in use, constant quality lines are 
generally drawn on temperature-entropy charts. Such 
lines are shown in Fig. 26. Each line is obtained by plot- 
ting the teaiperature entropy conditions for a given quality 
at different pressures. For this purpose, <t>v and <l>i are 
taken from the steam tables for a given pressure. The 
numerical value of <f)„ is then multiplied by the fraction re- 
presenting the chosen quality, say 0.9, and the product 
is added to <^)/, giving the total entropy above 32° F. for 
quality 0.9 at the particular pressure chosen. The same 




Entropy Chart. 



Curves. 
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process is repeated with the same value of the quality, 
but with different pressures, until enough points have been 
secured to make it possible to draw a smooth line through 
them. 

44. Volume from T<H^hart. Since quality changes at 
any given temperature, or pressure, are accompanied by 
volume changes, it is possible to find a series of values for 
the quality of a pound of wet steam which will make that 
pound occupy the same volume at different temperatures. 
Having found the quality which will be necessary at a num- 
ber of different temperatures, the total entropy above 32° 
F. can be found for each case and these values can then be 
plotted on the r<^)-chart. Connecting the points so obtained 
would give what is known as a Constant Volume Line. 

Several of these constant volume lines are shown in their 
correct positions in Fig. 27. It will be observed that, 
for each volume, the quality must increase as temperature 
(and pressure) increases in order to maintain a constant 
value for the volume occupied by one pound of mixture. 

45. Heat from T^-chart. Equations for obtaining the 
total heat above 32° F. for wet and for superheated steam 
were given in an earlier chapter. By means of these 
equations, it is possible to find a succession of values for 
quality and superheat which will give a pound of material 
any chosen heat content at different pressures. If the 
corresponding values of temperature and entropy are found 
and plotted, what is known as a Constant Heat Line results. 
Several of these lines are shown in Fig. 27. 

46. The Complete T<^>-chart for Steam. A very com- 
plete, graphical representation of the properties of water 
and steam can be procured by combining in one diagram 
all of the lines discussed in preceding paragraphs. Such 
a diagram is generally spoken of as the T <j>'diagram or the 
T<t)'Chart for steam. An example of such a diagram is 
given in Fig. 28. 

This chart is very useful, as it enables one to solve by 
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inspection many of the most difficult problems which arise 
in the theory and practice of using steam. As an example. | 
assume that it is desirable to know what will happen if ! 
water at the temperature of vaporization corresponding 
to about 24 lbs. per square inch absolute has its volume 
increased indefinitely at constant temperature. The initial 
condition of the water would be shown on the water curve 
of Fig. 28 at the point at which the 700° absolute temperature 
line crosses it. Increase of volume at constant temperature 
would be indicated by a horizontal line running to the right 
from this point. Obviously, vaporization will occur at 
constant pressure (because the temperature is constant) 
and the quality will change from zero to unity at which the 
saturation curve will have been reached. Further increase 
of volume c^an result only in the production of superheated 
steam, sin(*e the Une representing the process will rm 
out into the superheated steam field. It is also interesting 
to note that the pressure on the material will have to bf 
decreased as the volume increases in the superheated steam 
region, as is evidenced by the fact that the horizontal line 
representing the assumed process cuts lower and lower 
pressure lines as it is extended to the right in the super- 
heated field. 

Note also tliat the intersections of this horizontal Une 
with constant volume and constant heat lines afford the 
means of determining volume and heat above 32° F. at 
different stages of the assumed process. 



PROBLEMS 

1. Determine from the steam tables the change of entropy 
experienced by one pound of water when its temperature is raised 
from 32° F. to the temperature of vaporization under a pressure 
of 100 lbs. per square inch absolute. 

2. Determine from the steam tables the entropy change experi- 
enced by one pound of water when its temperature is raised from 
32° F. to the temperature of vaporization under a pressure of 
150 lbs. per square inch absolute. 
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3. Determine the entropy change experienced by one pound of 
water when its temperature Ls raised from tlie temperature of 
valorization corresponding to 100 lbs. per square inch to that 
corresponding to 150 lbs. per square inch by subtracting the value 
found in Prob. 1 from that found in Prob. 2. 

4. Determine the change of entropy experienced by one |)ound 
of material completely vaporizing at a temperature of 327.8° F. 

5. Plot a r</>-chart for one pound of water. Start by plotting 
entropy of the liquid for various temperatures; then plot entropy 
of saturated steam (above 32° F.) ; finally draw water line, satura- 
tion line, and several lines showing change of entropy during vapor- 
ization. 

6. Determine from a 7'</>-chart the quality which would be 
attained by one pound of steam if it experienced a change which 
carried it from the condition of dry saturated steam at 150 lbs. 
per square inch absolute to a pressure of 25 lbs. per sciuare inch 
absolute by a process which would plot as a vertical line on the 
r^-chart. 

7. Assume a pound of mixed water and steam to have a (lual- 
ity of 80% at a pressure of 200 lbs. per square inch absolute. 
Determine from the 7'</>-chart the heat above 32° per pound of 
mixture and the volume occupied by the mixture. Determine 
also the quality attained if the pressure of the material drops to 
20 lbs. per square inch absolute at constant entropy. How does 
the heat above 32° F. change during such a process? 

8. Assume a pound of mixture as in Prob. 7, but with a 
quality of 30% at a pressure of 200 lbs. Find all quantities called 
for in that problem. 

9. Assume a pound of material as in Probs. 7 and 8 above, 
but superheat-ed 200° at a pressure of 200 li)s. per square inch 
absolute. Determine all quantities called for in Prob. 7. 

10. Choose a point on the T</)-chart at which a constant volume 
line intersects the saturation curve. Determine the change of 
quality, entropy and heat above 32° F., if the material drops 
to half pressure at constant volume. 



CHAPTER VI 



TEMPERATURE ENTROPY DIAGRAMS OF STEAM 
CYCLES 




47. Complete Expansion Cycle. This cycle was con- 
si(l(»r(id ill Cliapt<»r IV and the PF-diagram was given there 
as Fip. 21. The diagram of this cycle drawn to T^-co- 
ordiiiates is shown in Fig. 29. The same letters are used 

to represent corresponding points 
in the two diagrams. 

The entropy change during 
the heating of the liquid is 
shown by the part of the liquid 
line between d and a, and the 
heat supplied during that process 
is represented by the area below 
the line da, measuring clear 
down to the absolute zero of 
temperature. 

The entropy change during 
vaporization is represented by the Une ab and the heat 
supplied during the process is shown by the total area 
under that line. 

The adiabatic expansion of the steam is represented by 
the line he, such an adiabatic change fortunately being a con- 
stant entropy process and therefore easily drawn in this 
diagram. Obviously no heat is received or removed dur- 
ing this process, as there is no area under the line 6c. 

The entropy change during condensation is represented 
by the line cd and the heat rejected by the working sub- 
stance during this process is represented by the area under 
that line. 
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48. Area of Cycle Representative of Work. It will 
be remembered that area under a line in the PF-diagrani 
represents work in foot-pounds. That diagram, however, 
gives no indication of heat received or rejected and it is 
not possible to obtain any direct idea of efficiency from it. 
In this respect, the r</)-diagram is much better. Area under 
the lines da and ab in Fig. 29 represents heat supplied 
the working substance. Area under the line cd re[)resents 
heat rejected by the working substance. The difference 
between these two, or the area enclosed within the lines 
of the cycle, must therefore represent the heat converted 
into mechanical energy per cycle. 

This diagram therefore shows directly by areas the 
heat supplied, the heat rejected, and the heat converted 
into mechanical energy. Further, the ratio of the area 
representing heat converted into work, and the area repre- 
senting heat supplied must be the efficiency of the cycle. 

Remembering also that if the lines of the cycle are drawn 
upon a r<H5hart such as that given in Fig. 28, all volume 
changes, heat contents and qualities at different points 
are shown without further work, it becomes evident that 
this form of representation is decidedly convenient and far 
superior to the pressure volume method. 

49. Modifications for Wet and Superheated Steam. 
The complete expansion cycle is supposed to represent an 
idealization of what happens in a real prime mover. In real 
cases, however, the steam may arrive at the prime mover wet 
or superheated and it is desirable to investigate the method 
of representing, such conditions as well as their effects. 

Wet steam corresponds to incomplete vaporization, 
i.e., a quality less than unity at the upper right-hand corner 
of the cycle. This might be shown for a given case by the 
location of the point 6' in Fig. 29. The cycle would then 
be ab'c'd and a smaller amount of work would be obtained 
per pound of working substance as evidenced by the smaller 
area enclosed within the lines of the cycle. 
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In the case of superheated steam, superheating occurs 
at constant pressure after vaporization is complete. This 
would be shown by the location of the upper right-hand 
comer of the cycle at some point 6" on the constant pressure 
line which extends out from b. The cycle is now represented 
by abb"c"d and evidently has a different shape than it 
had in the preceding cases. Obviously the area enclosed 
within the lines of the cycle is greater thaii it was before and 
therefore more mechanical energy is obtained per pound 
of steam. 

50. Incomplete Expansion Cycle. The only difference 
between the incomplete and complete expansion cycles is 




Fig. 30. — TiHliagram, Incom- Fi(i. 31. — 7'^»-diagram, Cycle 
plete Expansion Cycle. Without Adiabatic Expansion. 



the termination of the expansion in the former by means of 
a constant volume line. This is shown to r</)-coordinates 
in Fig. 30 in which the incomplete expansion cycle is drawn 
in heavy lines over the one in which expansion continues 
to the back pressure. 

The constant volume line is seen to cut off a comer, 
thus reducing the area representing heat converted into 
work. The heat supplied in each case is measured by the 
area under the lines ea and ah. The efficiency of the cycle 
with incomplete expansion can therefore be seen to be less 
than that of the other cycle by simple inspection of the 
diagram. 

If the adiabatic expansion is terminated at a higher 
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pressure, as by the constant volume line c"rf" in Fig. 30, 
still more of the work area is lost, but the same quantity 
of heat is supplied, and therefore the efficiency is still lower 
than when the expansion terminated at c. Obviously 
as the point at which the adiabatic expansion is terminated 
moves nearer and nearer to 6 as shown in Fig. 31, the cycle 
becomes less and less efficient. If the constant volume 
line starts at 6, there is no adiabatic expansion and the 
cycle becom^es that previously considered as having a rec- 
tangular shape in the PF-diagram. This cycle has the shape 
indicated by abed in the r</>-diagram of Fig. 31. Obviously 
it is least efficient of all as was previously shown by other 
means. 

51. Effect of Temperature Range on Efficiency. It has 

already been stated (see p. 26) that heat engines receive 
heat at a high temperature, convert some of it into me- 
chanical form and discharge the remainder at a lower tem- 
perature. Inspection of the r<;>-diagram shows this very 
clearly, and, remembering that the area of the cycle measures 
the heat converted, these diagrams also show how raising 
the upper temperature (or pressure) or lowering the lower 
temperature (or pressure) will increase the efficiency. It 
can be seen readily that lowering the lower temperature 
will, however, be more effective in increasing the efficiency 
than raising the upper temperature. 

PROBLEMS 

1. Draw a complete expansion cyc\e to T</>-coordinates for the 
following conditions (using T'^-diagram for steam to get values); 
weight of working substance, 1 lb.; initial pressure, 125 lbs. 
absolute; quality at beginning of adiabatic expansion, 100% 
back pressure, 10 lbs. absolute. 

2. Determine the following values for cycle drawn in Prob. 1 : 
(a) Entropy of liquid at beginning of vaporization; 

(6) Entropy at beginning of adiabatic expansion; 

(c) Quality at end of adiabatic expansion; 

(d) Volimtie at end of adiabatic expansion • 

(e) Entropy at end of condensation. 
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3. Show by measuring the area on T<Hliagrams, the increase of 
efficiency resulting from the use of an initial pressure of 175 lbs. 
absolute and from the use of a terminal pressure of 2 lbs. absolute 
in place of the values given in Prob. 1. 

4. Compare the efficiency of a complete expansion cycle with 
conditions as in Prob. 1 with a complete expansion cycle with 
same pressures but with a temperature of 500° F. at the beginning 
of the adiabatic expansion. 

6. Draw an incomplete expansion cycle to T^-coordlnates 
for the same pressures as in Prob. 1, but with adiabatic expan- 
sion ending at a pressure of 15 lbs. absolute. 

6. Compare work and efficiency of the two cycles of Probs. 
1 and 5 above. 

7. Draw a cycle without expansion for the conditions of 
Prob. 1 to T'0-coordinates and compare the work area with that 
obtained in Probs. 1 and 5. 



CHAPTER VII 
THE REAL STEAM ENGINE 

62. Operation of Real Engine. In previous chapters 
the ideal steam engine was considered and several cycles 
upon which it might be operated were discussi»d. Real 
engines are built to operate on the same cycles, but l)ecaus(» 
of certain practical considerations they only nn[H^rfectly 
approximate the ideal performance. 

Real engines must be built of iron and steel for practical 
reasons and these metals absorb, conduct and radiate heat 
so that certain heat interchanges between the working 
substance and engine and certain heat losses occur in 
practical operation. These were eliminated in the ideal 
case by simply assuming ideal materials not possessed 
of the characteristics of real metals. 

It is also practically impossible to generate steam 
in the cylinder of a real engine as was assumed to be done 
in the ideal case. Heat is practically obtained by the com- 
bustion of fuels, and the higher the temperature attained 
the better can the liberated heat be utilized in the genera- 
tion of steam. To subject the cylinder to such high tem- 
peratures and to control the heating and cooling as neces- 
sary to produce a number of cycles in rapid succession would 
lead to rapid wear and great practical difficulties. It has 
been found best to generate the steam in a boiler which is 
properly equipped for that purpose and then to transmit 
it with its contained heat to the engine, which is constructed 
in such a way as to utilize that heat to the best advantage. 
If the steam is to be condensed, as assumed in the ideal 
cases', it has also been found best to remove it from the 
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cylinder and to condense it in a separate piece of apparatu 
properly constructed for that purpose. 




The entire arrangement which results from these prac- 
tical modifications in the case of a non-condensing engine 
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is shown in Fig. 32. Steam is generated within the boiler 
at some constant pressure Pi and at the proper instant the 
admission valve at one end of the cylinder is opened, allow- 
ing steam to flow in and drive the piston outward. If 

"there were no losses, this would be represented by some 

such line as a6 at a height Pi on the 

^F-diagram of Fig. 33. Closing of 

the valve after the piston had moved 

part way out would cut off the 

further flow of steam, and, with con- 
tinued motion of the piston, the steam 

within the cylinder would expand. ^ 

If no heat interchanges occurred, 

this expansion 6c would be adiabatic as in the real case. 
It will be observed that the two lines on the PT-diagram 

thus far produced represent equally well tlie corresponding 
two lines of the complete or incomplete-expansion cycles. 
The heat supplied in the boiler is the same as that supplied 
in the cylinder under the ideal conditions originally assumed, 
and the work under the line ab is equal to the external 
work done during vaporization just as in the ideal case. 
If difficulty is experienced in connection with the statement 
regarding external work, it is only necessary to picture the 
process in this way: Assume that each pound of steam 
formed in the boiler does the external work equivalent to 
APu by pushing the pound previously generated ahead of 
it as a piston, and that this motion communicated along 
the pipe from layer to layer results in pushing an equivalent 
weight (and volume) into the cylinder against the resist- 
ance offered to the piston's motion. 

When the piston arrives at the end of its stroke at the 
point c, the opening of the exhaust valve," connecting 
the interior of the cylinder with the space in which the 
pressure P2 lower than Pc is maintained, will permit some 
of the steam to blow out of the cylinder with the piston 
standing stationary at the end of its stroke. This would 
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pve a conMant volume change equivaleiit to the eoirespond- 
ing line in the incomplete-expansion cycle. 

The return of the piston from d to e, with the exhaust 
valve still open, would force the remainder of the steam 
out of the cylinder and into the space in which the pres- 
sure P2 is maintained. The result, so far as the diagram 
is concerned, is ob\4ously the same as in the ideal case, and 
if the steam were condensed within a proper vessel into 
which it exhausted (instead of being exhausted to atmos- 
phere), the result would also be the same so far as the shape 
of the diagram is concerned. The pressure P2 might, how- 
ever, \)e maintained at a lower value, thus giving a greater 
temperature range. 

The pressure rise ea \idthin the cylinder would result 
directly from the opening of the admission valve and the 
admission of steam for the next cycle. But, if the working 
substance Is to be returned to starting conditions as was 
dene in the ideal case, its pressure must also be raised to 
Pi and its temperature to a corresponding value. The 
pressure is raised in the case of condensing operation by 
means of the boiler feed pump, which picks up the condensed 
steam (condensate) and forces it into the boiler. The 
temperature of the working substance is raised by passmg 
it through feed-water healers or by heat absorbed directly 
from the heated water in the boiler. 

When operating non-condensing the working substance 
exhaust ed during the last part of each cycle is 'really thrown 
away by allowing it to mix with the atmosphere, but an 
equivalent quantity of water is fed to the boiler by the 
boiler feed pump and takes the place of the material lost 
by exhaust to atmosphere. This method of operating 
does not approximate the ideal as closely as does the con- 
densing method, but the discrepancy is not very great. 

63. Losses in Real Installations. The diagram given 
in Fig. 33 was obtained by assuming the absence of certain 
practical losses and is considerably modified when real 
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pparatus is used. Thus the real engine, as shown in con- 
lection with Fig. 9, has clearance and operates with com- 
yression so that the clearance is filled with steam at a pres- 
sure indicated by the point a' in Fig. 34 when the admission 
v^alve opens. 

There is also always some drop of pressure along the 
steam pipe so that the pressure 
at the engine is lower than at the 
boiler. Further, the admission t 
valve can never be made to give I 
such a large opening into the ^ 
cylinder that there is not a 
measurable drop of pressure in Fig. 34.-Theoretical and Real 
flowmg through it. As a result indicator Diagrams, 
of these actions the highest 

pressure attained within the cylinder as indicated at point 
a in Fig. 34 is always lower than the boiler pressure Pi. 

As the piston of a real engine moves out it acquires 
a higher and higher velocity until it reaches a point near 
mid-stroke. The entering steam therefore must flow 
through the valve with increasing velocity if it is to follow 
up the piston and fill the cylinder, but this usually neces- 
sitates greater pressure drops as the piston moves out, 
so that the admission line generally slopes downward instead 
of being horizontal. There is also another phenomenon 
which causes this line to slope. The metal of cylinder, 
cylinder head and piston is in contact with comparatively 
low-temperature steam during the latter part of each cycle, 
and therefore acquires a lower temperature than that 
of the steam about to enter. Therefore, when the high- 
pressure steam enters the cylinder it gives up heat to 
the walls at a comparatively rapid rate, and, if initially 
dry saturated, this results in a great deal of condensation. 
Such condensation is called initial condensation. 

As the steam condenses after flowing into the cylinder 
and forms water occupying a negligibly small volume, 
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it follows that steam must flow into the cylintler at a pr<v 
portionately greater rate in orrit»r to fill the space vacated 
by the piston. But thia rej^ults in an inci^ea^sod pressure 
drop artel therefore would give a sloping admission line. 

When the piston has finally been driven out as far as 
desirable by the action of high-pressure steam, the admis- 
sion valve is closed, that is, cut-off occurs. This valve can 
not be closed suddenly ; the closure is more or less ^^radual 
in ali cases. As the opening becomes smaller it becomes 
increasingly more difficult for the steam to flow througlj 
and into the cylinder so that the pressure continues to drop 
at an increasing rate until the valve is finally closed. This 
gives the rounded cut-off shown at the point b. 

The loss of pressure during admission is generally 
said to be due to throttling or wire drawing, these tems 
being intended to convey the idea tliat tlie steam has to 
squeeze its way through the irdet openings with correspond* 
ing loss of pressure. 

When the ciit-ofT has finally been completed, it leavm 
the end of the ejdinder fillc^d with a mixture of steam and 
water at steam temperature, and this mixture then expands 
as shown by the line be. At the beginning of the expansion 
the steam generally has a higher temijerature than that of 
the surrounding walls and it therefore continues to give 
heat to those walls. Were the expansion adiabatic it 
would follow the dot-dash line in the figure, l>nt, as the 
steam must not only convert heat into work, but must also . 
supply heat to the walls, it condenses more rapidly than! 
in the ideal ease and its pressure and vohune changes follow 
some such law as that indicated by the upper part of the . 
curve be. i 

As expansion continues, the pressure and temperature 
of the steam drop until some point is reached at which . 
the temperature has become equal to that of the walls.! 
Further expansion with drop of pressure and temperature 
results in reducing the temperatme of the steam below 
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'^kiat of the walls, and then the direction of heat transfer 
reversed, the hot walls giving heat to the cooler steam 
an increasingly rapid rate. This heat causes re-evapora- 
^^on of some of the water formed before and thus tends to 
*^*:^crease the volume occupied by the material in the cylinder, 
"^ith the result that the lower part of the expansion curve 
approaches and generally crosses the curve which would 
t^ave been attained by adiabatic expansion in non-conduct- 
^Tig apparatus. 

In many real engines the re-evaporation is so great that 
the steam is entirely dried and sometimes suf)erhcatcd 
before the exhaust valve opens. 

The exhaust valves of steam engines arc always opened 
before the piston reaches the end of the stroke, as it is found 
necessary to do this if excessive losses are not to occur 
due to the difficulty of forcing the large volume of low- 
pressure steam through the exhaust passages. When opened 
early enough, the steam flows out in such quantity before 
the end of the stroke that the back pressure " during the 
return or exhaust stroke is only a pound or two above that 
of the space into which the engine is exhausting. 

During all of the exhaust period, the steam is probably 
at a lower temperature than the walls to which it is exposed 
and re-evaporation probably continues in most cases until 
the closure of the exhaust valve. It seems probable that 
the steam retained in the cylinder after the closure of the 
exhaust valve is approximately dry, but little is really 
known regarding the quality of the clearance steam. 

The rise of pressure during compression has two bene- 
ficial effects: It helps to bring the moving parts to rest grad- 
ually, and it raises the temperature of the clearance steam 
and of the walls of the clearance space to values nearer 
that of the entering steam. 

Remembering that area on a PF-diagram represents 
work, it is easily seen that throttling losses and rounding 
of corners due to $low valve action (which cause a loss of 
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diagram area) result in a loss of work. The fact that condfiJ'^ 
sation also causes a great loss is easily shown. A giwW'^^ 
quantity of steam entering the engine with its supply w^^^: 
heat can, in the ideal case, do a certain amount of workw'^^ 
the expense of that heat. In the real case part of the heill 
is stored in the walls during the early part of the cyd8,l"'j^^ 
so that it is not available for the doing of work and is remoteil*^* 
from the walls and carried out into the exhaust as unutiliril?^'^^ 
heat during the later part of the cycle. The phenomeMil®'^ 
can be pictured by imagining the steam as dropping smV ^ 
of its heat into a pocket in the walls of the cylinder wheil'*^' 
entering the engine and then picking it up again and carrying 1*^ 
it out when leaving, so that the next charge of steamwiEll^ 
have to fill the pocket again. I 

The net result of condensation and re-evaporation 1"^' 
is the obtaining of less work from a given quantity of steam l"' 
than should be obtained, or the use of more steam than 1^ 
theoretically necessary for a given quantity of work. This 1^ 
effect is shown graphically by the two adiabatic expanaon 1' 
lines of Fig. 34. 1 

The initial condensation in real engines which are sup- I 
plied with saturated steam generally amounts to from 20 to I 
50 per cent of all the steam supplied, so that it is evident I 
that anything which will prevent part or all of this loss should I 
do much to improve the steam consumption of engines. | 
This subject will be discussed in more detail in later para- i 
graphs and various methods of decreasing losses from this 
source will be considered. 

54. Clearance. The term clearance is used in a two- 
fold sense; (a) to refer to mechanical clearance or the 
linear distance between the two nearest points of cylinder 
head and piston face when the piston is at the end of its 
stroke, and (6) to refer to volumetric clearance or the 
volume enclosed between the face of the valve, the cylinder 
head and the face of the piston when the latter is at the 
end of its stroke. 
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Fig. 35. — Mechanical and Volu- 
metric Clearances. 



The former is generally given in inches and varies 
Kxoin a very small fraction of an inch in the best engines 
an inch or more in cheap and in poorly designed engines, 
is indicated by a in Fig. 35. 

The volumetric clearance is expressed as a percentage 
the piston displacement or 

'Volume swept through by the 

X^iston. It varies from 2 per 

^^nt or less in the best engines 

"'io as high as 15 per cent in 

"tke cheaper and less economical 

Models. It is made up of the 

I>arts designated by c in Fig. 35. 

55. Cushion Steam and Cyl- 
inder Feed. It is customary 

to imagine the steam operating 
within an engine cylinder to 
consist of two parts, the cushion 
steam and the cylinder feed. The former is that part of 
the total which is contained in the clearance space before 
the admission valve opens and serves to cushion the 
reciprocating parts of the engine. The cylinder feed 
is the steam which enters through the valve for each 
cycle. 

If the same cycle is produced time after time so that all 
temperature effects are repeated at regular intervals and 
so that all events occur at the same points in successive 
cycles, the quantity of steam retained in the clearance 
volume will be the same for successive cycles. It is 
impossible to measure the quantity of this steam directly 
and indirect methods are therefore adopted for that 
purpose. 

It is often assumed that the steam is dry and satu- 
rated when compression begins, as at the point e in Fig. 
34. With this assumption, the weight of cushion steam 
can be determined by dividing the volume occupied, that is, 



m 
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by the volume occupied by one pound of dry saturated 
steam at the same pressure. *Thus, 



Cushion steam — 7j 



Sp.vol. at pressure Pt 



lbs. 



(29) 



The wpight of cylinder feetl can l>e very accurately 
determined by condensing and weipjhing the steam leaving 
the engine in a given time and dividing by the number of 
cycles performed during the same period. It can also be 
determined by metering th(^ stc^am entering the engine 
or by measuring the water fed to a boiler supplying only the 
engine in question. An approximate determination of the 
quantit}^ of the cylhider feed can also be made directly from 
an indicator diagiam by detennining what ia known as the 
diagram water rate. This will be considered in detail at 
a later pohit. 

When eushion-steam and cylinder-feed have both been 
determint^cl, the weigM of steam contained iti tlie cylinrler 
between cut-off and release can be fo\md by adding the two 
quantities. Thus^ 

W = Wf+WK (30) 

in w^hicb 

}r = total weight of steam expanding in cylinder per cycle; 
IW— weight of cylinder feed per c^^ehr?; and 
TFjc = w^eight of cushion steam per cycle. 

The volume which the mixture would occupy if dry 
and saturated at any given pressure can be detennined by 
nndtiplying the total weight by the si>ecific volume for 
that particular pressure, 

66* Determination of Initial Condensatjon. The loss 
due to initial eontlensation is so imptatunt that it is cus- 
tomary to determine the amount of this loas when studying 
engines. This can be done with fair accuracy by means 
of the indicator diagram. 
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To make such a study ft is necessary to know the total 
i^eight of material m the engine cylinder at the point of 
ju.t>-off. This weight may be determined by any of tlie 
:xiethods just given. With the weight known, the volumes 
iehich this material should occupy at different pressures 
if dry and saturated can be determined by multiplying by 
the specific volumes at the various pressures. Plotting 
these points on a PF-diagram and connecting them will 
ipve a saturation curve for the material in the cylinder such 
as the curve shown in Fig. 36. 

By drawing this curve on the indicator diagram ob- 
tained from the engine and then comparing distances 
flwch as ab and ac as explained in section 26 of Chapter III 





Fig. 36. 



Fig. 37. 



the quality of the steam within the cylinder at all pressures 
between cut-off and release can be determined. The weight 
of initial condensation (up to the point of cut-off) must 
be the total weight of water shown as existing within the 
cylinder at that point minus any water brought in by the 
steam if it was not dry when entering the engine. 
. Should the saturation curve cross the real expansion 
curve, as shown in Fig. 37, it indicates that the steam oc- 
cupies volumes greater than the specific volumes toward 
the end of the expansion; the steam within the cylinder 
must therefore be superheated during this part of the 
fcycle. 

Many formulas have been devised for giving the quan- 
tity of initial condensation. They are all based upon the 
lesults of experiment and generally only give reliable 
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values for cases similar to those used in developing them. 
One formula of this sort which has been ver>' widely tested 
and been found to give reliable results within its field 
of applicability is that devised by Robert C. H. Heck and 
explained in his books on the steam engine. The formula is 



in which 

m = the fraction representing initial condensation; for 
ordinary cases it is the fraction of the cylinder 
feed which is condensed during admission, but when 
compression is very high and when great weights 
of steam are retained in the clearance it is the frac- 
tion of all the material within the cylinder which 
exists in liquid form at the time of cut-oflf; 
c*=a coefficient, which varies between 0.25 and 0.30 with 
type of engine. May be assumed at 0.27 for average 
work; 

.iV = engine speed in revolutions per minute (R.P.M.); 
s = a constant for any engine, equal to nominal surface in 
square feet divided by nominal volume in cubic 
feet. The nominal surface is the area of the inner 
walls and the ends of a cylinder with diameter equal 
to the internal diameter of the cylinder and with 
a length equal to the stroke of the engine. The 
nominal volume is the cubic contents of such a 
cylinder; 



s = — (2-^+4) in which D and S represent diameter and 



stroke of engine in inches; 
^ = a temperature function obtained from Table II as 

there indicated; 
p = the absolute pressure in cylinder in pounds per square 

inch just after completion of cut-off ; 




(31) 
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= cut-off ratio, that is, ratio of cylinder volume opened 
up by time cut-off has just been completed to the 
total piston displacement. 

TABLE II 

For Finding Values of 6 for Use in Heck Formula 

*h^kt when ki and A;s are chosen from table for highest and lowest pressures 
existing in cylinder 
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67. Methods of Decreasing Cylinder Condensation. 

Before discussing methods of decreasing the loss due to cylin- 
der condensation it will be well to consider what things may 
be expected to determine the extent of such loss. The 
condensation is due directly to the transfer of heat from 
one body to another at lower temperature, and anything 
which tends to increase the total amount of heat thus trans- 
ferred will increase the total condensation. 

It is therefore evident that the ratio of steam condensed 
to steam supplied will be greatest when : 

(a) The time of contact is greatest; 

(6) The ratio of surface exposed to volume enclosed is 
greatest, and 

(c) The temperature difference is greatest. 

The time of contact can be controlled to a certain 
extent by controlling the speed of the engine and, with 
other things equal, the higher the speed the lower should 
be the condensation. 

The ratio of surface exposed to steam to the volume 
occupied by steam has a great influence on the amount of 
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condensation which occurs. The surface of the clearance 
space, including the interior surfaces of all ports or passages 
leading to the valves, seems to have the greatest influence, 
and the clearance space which is most nearly a short cylinder 
without connected passages may be expected to give the 
least ii:itial condensation. 

The size of the engine is also important in this connec- 
tion. The area exposed does not increase as rapidly as 
does the volume inclosed when the diameter of a cylinder is 
increased, and therefore large cylinders give smaller ratio 
of surface to volume and therefore a smaller percentage 
of steam condensed. Large engines thus have a decided 
advantage over small engines. 

The shape of the cylinder also has an effect. The I 
longer the cylinder with respect to its diameter the more | 
favorable its performance. 

The point at which cut-off occurs is also intimately 
connected with the condensation loss. In a given cylinder 
with a given clearance the total condensation within the 
clearance space may be assumed practically constant if 
speed and temperature remain about the same. But if 
the cut-off is made later larger quantities of steam are 
admitted per stroke, and hence the fraction of the total 
cylinder feed which is condensed decreases. 

The temperature differences depend on upper and 
lower pressures, that is, on the pressure range. The inner 
surfaces of the walls follow as rapidly as possible the tem- 
perature changes of the steam within them. Thus their 
average temperature is somewhere between the upper and 
lower temperatures of the steam. If now, with a given 
upper steam pressure and therefore temperature, the lower 
pressure be reduced, the average wall temperature also will 
be reduced, and therefore the differences between the 
temperature of the entering steam and the average tem- 
perature of the walls will be increased with a resulting in- 
crease in condensation loss. 
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The methods of decreasing this loss can now be con- 
sidered. They are given below under separate heads 
with brief explanation when necessary. 

.(a) Clearance spaces should be properly designed so 
that the minimum surface is exposed. 

(6) The proporjbions of cylinder (diameter and stroke) 
and the speed of the engine should be so chosen that the 
condensation loss is reduced to a minimum. 

(c) The engine should be so proportioned that when 
delivering its rated power the cut-off occurs at such a point 
as to make the percentage of cylinder condensation the 
minimum consistent with other requirements. 

(d) The cylinder should be surrounded by spaces filled 
with air or by materials which are poor conductors of heat 
so as to decrease loss by radiation, because all heat lost in this 
way must be supplied by the condensation of steam within 
the cyUnder. Such metallic parts as cannot be lagged** 
in this way should be polished because polished surfaces 
radiate less heat than dull surfaces under like conditions. 

(e) The cylinder may be surrounded by a steam jacket, 
that is, a space filled with steam similar to that supplied 
the cylinder. The use of such a jacket sometimes results 
in a considerable saving and at other times in a great loss. 
The cylinder proportions, speed and pressure range seem 
to be the determining factors, and most long-stroke cylin- 
ders operating at low rotative speed and with small pressure 
ranges are jacketed. 

(J) The engine may be compounded, that is, the expan- 
sion of the steam may be made to occur in two or more 
cylinders taking steam in series. Ihis results in decreas- 
ing the pressure range in each of the cylinders and effects 
a decided saving under proper conditions. Compounding 
will be considered in detail in a later chapter. 

(g) The engine may be supplied with superheated steam. 
If the steam is sufficiently superheated it can give up part 
or all of its superheat to heat the cylinder walls, and thus no 
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condensation need occur. Heat interchanges between 
metal and superheated steam also appear to be less rapid 
than is the case when the steam contains water, so that a 
saving results from this source also. 

Tests made with saturated and with superheated steam 
indicate that from 7° to 10° of superheat are generally 
required to prevent 1 per cenfc. of initial condensation. 
Results differ greatly with the character of the engine, with 
its economy on saturated steam, with its valve gear, etc. 
Superheats of from 25° to 50° can generally be used with 
any well-designed engine, but higher temperatures usually 
require specially constructed engines. Superheats as high 
as 150° F. al)ove saturation temperature are now quite 
common, and there seems to be a tendency to consider a 
value between 150° and 200° as the highest that is com- 
mercially advisable under ordinary conditions. 

58. Classification of Steam Engines. Steam engines, 
are classified on many different systems, the one used in 
any particular case being determined largely by circum- 
stances. The principal methods of classification are indi- 
cated in the following schedule: 



Classificatton of Steam Engines 




On the basis of ratio of stroke to diameter 




On the basis of 
valve gear 



Slide valve 



D-slide valve 
Balanced slide valve 
Multiported shde valve 



Corliss valve 



Piston valve 
Drop cut-off 



Positively operated 



Poppet valve 
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On the basis of position of longitudinal axis 



Vertical 
Inclined 
Horizontal 



On the basis of 
number of cyl- 
inders in which 
steam expands 



Single expansion or 
Simple engine 

Compound expansion 
Triple expansion 
Quadruple expansion 



Multi-expansion 
engine 



On the basts of cylinder arrangement 



On the basis of use 



Single cylinder 
Tandem compound 
Cross compound 
Duplex 
Stationary engines 
Portable engines 
Locomotive engines 
Marine engines 
Hoisting engines 



69. Rotative Speeds and Piston Speeds. High-speed 
engines operate at a comparatively high rotative speed and 
are characterized by a short stroke in comparison with th(^ 
diameter of the cylinder, the stroke generally being equal 
to, or less than, the diameter. The piston speed, by which 
is meant the feet travelled by the piston per minute, generally 
falls between 500 and 700. 

It is not considered advisible to allow piston speeds of 
stationary steam engines to exceed about 750 feet per 
minute for ordinary constructions and the great majority 
of engines give much lower values. The piston speed will 
obviously be given by the formula 



in which 



S = 2LN, .... 

S = piston speed in feet per minute; 
L = stroke in feet ; and 
jSf = revolutions per minute. 



(32) 
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i> evkient from this formula that as the rotative 
<:>\r: i> inoTvaseil the piston speed will increase unless 
thv .^riscth of >tr\>ke is ^MXJppf^^gfsi^/ig^ decreased. As 
A hich^sjxwi engines have short strokes in com- 
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Diameter of Cyliuder (Inches) 
liH. — Proportions of High Speed Engines. 

jiMfisnii uilli their cylinder diameters and slow-speed 
(^hjjiiiPF' \u\yv Umic strokes. 

Tlip chnractcriHtic relations between cylinder diameter 
jHmI s!ifc»h(\ rotntive speed and piston speeds of high-speed 
MiiiiHhc} twv ^Iveti in Mk- '^S. 

^mii engitu»H are generally fitted with some 
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form of balanced slide valve, and are controlled by what 
is called a shaft governor. They are very compact, having 
small weight and occupying small space in comparison with 
the power developed. 

Slow-speed engines are, in general, the most economical 
and are characterized by low rotative speed, long stroke, 
and elaborate valve gear. The weight per horse-power 
is high, and they generally occupy a great deal of space. 
The Corliss engine is the best known and most widely built 
engine of this type. 

The characteristic relations of cylinder diameter to 
stroke, rotative speed and piston speed for slow-speed 
engines are given in Fig. 39. 

Medium-speed engines generally operate at rotative 
speeds between 150 and 250 R.P.M. They are generally 
fitted with the better forms of multiported and balanced 
slide valves, with poppet valves, or with a positively operated 
Corliss type of valve. 

60. The Simple D-slide Valve Engine. The simplest 
and cheapest type of reciprocating steam engine manu- 
factured is shown in part section in Fig. 40 with the prin- 
cipal parts labelled. The cylinder, piston, steam chest 
and valve are sectioned in order to show the internal con- 
struction. 

This engine, like most steam engines, is double acting, 
that is, a cycle is produced on each side of the piston during 
every revolution. Steam is admitted and expanded on one 
side of the piston while steam is being exhausted on the other 
side. The control of admission and exhaust is effected by 
the slide valve and will be considered in detail in later sec- 
tions. 

The mechanical energy made available by the steam 
operating in an engine cylinder is not developed at a uniform 
or constant rate, but fluctuates, during each revolution, 
above and below the amount required to overcome the 
constant resistance at the shaft due to the work the engine 
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is doing. If no provision were made to prevent it, this 
woald result in a very variable rate of rotation during 
each revolution. When the energy made available was in 
excess of the demand it would be used in accelerating 
the moving parts of the engine and the speed of the latter 
would increase. The reverse would occur when the supply 
did not equal the demand. 

The fly-wheel is used to prevent violent fluctuations 




Fig. 40. — Simple Z)-slide Valve Engine. 



of this kind. It is made with a comparatively heavy rim 
and a great deal of energy must be supplied to accelerate 
it to any appreciable extent in a short time. Similarly 
it can give out a great deal of energy when slowing down. 
The fly-wheel therefore serves as a sort of reservoir in which 
excess energy can be stored temporarily and from which 
it can later be withdrawn when a deficiency exists. The 
fly-wheel thus acts as a damper to variation of rotative 
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speed (luring each revolution, minimizing but not entirely 
eliminating such variation. It may also serve as a belt 
wheel, as shown in the illustration. 

The governor controls the steam supply to the cylinder 
in such a way that enough heat will be supplied to make 
availal)le the power demanded at the shaft. Were more 
supplied the excess would be absorbed by the moving 
parts and the engine speed would increase, were less supplied 
the engine speed would decrease. 

61. Engine Nomenclature. The meanings of several 
terms used in describing engines are not self-evident, their 




Fig. 41. — Engine Nomenclature. 



definitions depending merely on accepted usage. Some 
of these terms and thei/' meanings are illustrated in Fig. 41. 

The crank end of a horizontal engine is called the front 
of the engine, so that the cylinder head nearest the crank 
is called the front head and the stroke of the piston toward 
the crank is known as the forward stroke. The forward 
stroke of the piston is also spoken of as the outstroke, par- 
ticularly in connection with single acting engines. The 
stroke away from the crank is correspondingly designated 
as the return or the instroke. 

62. Principal Parts of Engines. The parts of engines 
may be roughly divided into stationary and moving^ such as 
frame, cylinder, cylinder and valve chest covers, etc., which 
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are stationary, and piston, piston rod, crosshead, fly-wheel, 
etc., which are all moving parts when the engine is in opera- 
tion. The moving parts are often divided into reciprocal 




Fig. 42. — Frame for Small Vertical ?]ngine. 



ing and rotating parts. Thus the piston and all connected 
parts through and including the crosshead, and the valve 
and many connected parts in the case of slide valve engines, 




Fig. 43. — Frame for Medium Speed Center Crank Engine. 



all reciprocate when the engine is in operation. The 
shaft, fly-wheel, eccentric sheaves and governor constitute 
the principal rotating parts. 
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Rome engines also have oscillaHng parts, such as the 
valvc*B in Corliss types, which rock back and forth in the 
arc of a circle^ and the rocker amis in vaiious forms of 
valve gear, these anns rocking through a short arc about 
a fixed pin near one end. 

The prmcipal parts and their functions are briefly con* 
sidered in the folhjwing paragraphs: 

(a) The Frame. The frame of the engine, sometimea 
known as the 6erf, Berves to support the other parts, to tie 




Cfllnder bolted 
nniabed 




them together in their proper relations and to fasten the 
whole structures to whatever foundation is used. The cross- 
head guides and the seats for the main bearings are incor- 
porntcMl in the frame. 

The frtmie is commonly made of cast iron in the form 
of a hollow box which is properly ribbed to give the neces- 
sary stiffness. 

Examples of frames are shown in Figs. 42, 43 and 44. 
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The Cylinder and Steam Chest. The cylinder and 
chest are generally incorporated in the same casting, 
irfaces of covered cavities in this casting are finished 




Fig. 46. 



m the cylinder in which the piston operates and the 
r seats upon which valves rest and move, 
le cylinder may be single walled with flanges on the 
receive the cyHnder head, as illustrated in Fig. 40 
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(plain /)-slide valve), in which case a thin sheet-metal 
jacket is fastened around it and the space between filled 
with h(»at-insulating material. Or, the cylinder may be 
cast with (lonblc the space between the two being 

used as rai air jacket or as a steam jacket. 

Some cylinders aro fitted with a Kner, which is a plain 
cylinder pressed into place within the cylinder casting 
and forming the bore of the working cyhnder. This prac- 




FiG. 47. — Section of Atlas Mcnliuin Si)ecd Engine, Showing Balanced 

Slide Valve. 



tice is common on the larger types, the liner being used so 
that when wear has occurred it can be replaced cheaply, 
instead of it l^eing necessary to rebore or even replace 
the main casting. 

Examples of cylinder construction are shown in Figs. 
45, 46, 47, 48, 49 and 50. 

(c) The Piston. The function of the piston is two- 
fold. It nmst prevent the leakage of steam by it from one 
end of the cylinder to the other, and it nmst receive the 
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pressuR»s exerted by the steam and transmit them to the | 
other parts of the mechanism as it moves. 




Chainlii'] H for 
Kten.u \ 



Exliauat " 



Fig. 49. — Corliss Cylinder Casting. 




Pig. 50.— Corliss Cylinder with lagging in Place. 



Leakage of steam is prevented by the use of piston 
rings, which are metal rings fitted into grooves in the circular 
surface of the piston and pressed out against the cylinder 
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Fig. 53. — Built-up Piston Used in Large Engines. 
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walls by spring action. They may be made of one piece 
of metal turned into a ring of 'slightly larger diameter than 
the cylinder, cut through and sprung into place, or they may 
be made in pieces as shown in Fig. 51 , and pressed out 
against the wall by small helical or leaf springs. 

The piston itself may consist of a solid disk of metal 
fitted with a hub and a short cylindrical part with grooves 
for the rings, as shown in Fig. 52 (a) and (6), or it may be 
an elaborate built-up structure, as shown in Fig. 53. 




Fig. 54. — Crosshead and Pin. 



(d) The Piston Rod. The piston rod is a plain circular 
steel rod fitted with such shoulders and threads at the ends 
as are necessary for the fastening of the piston and the cross- 
head. Examples of such fastenings are given in Figs. 
51, 52, 53 and 55. 

In large horizontal engines the piston rod sometimes 
extends through the piston and rear cylinder head, and 
the rear end is then supported by a small auxihary cross- 
head. The extension of the rod is known as the tail rod 
and the auxiliary crosshead as the tail rod crosshead. 
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Such constructions are used when the weight of the piston 
is so great that it would cause serious cylinder wear if not 
supported more perfectly than is possible with the ordinary 
overhung arrangement. 




Fig, 55. — Single Slipper Crosshead. 




Fig. 5C. — Crosshead with Adjustable Slipi)ors. 



{e) The Crosshead and Guides. The crosshead and 
guides are used for the purpose of supporting:; tlio j)istou 
and its rod and guiding; them in a straight Hue. The 
crosshead also serves to counect the piston rod and the 
connecting rod through which the forces are transmitted 
to the crank pin. 
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Crossheads are generally east in the form of imperfectly 
shaped boxes and carry slippers which are faced with anti- 
friction metal where they come in contact with the guides. 
The slippers may be flat and operate on planed guides, 
as shown in Fig. 40, or they may be turned and operate in 
bored guides, as shown in Figs. 48, 54, 55 and 56. Pro- 
vision is generally, though not always, made for taking 
up wear of guides and slippers by setting the slippers 
further out from the body of the casting. 

With the type shown in Figs. 40 and 54 this can be 




Fig. 57. — Solid End Connecting Rod; for Overhung Cranks only. 

done by the insertion of thin sheets of metal or paper 
(known as shims) between the body of the crosshead and the 
slippers. In the type shown in Fig. 56 the slippers are 
finished with inclined surfaces where they come in contact 
with the main casting, and the adjustment is made by wedg- 
ing the slippers apart by the use of the adjusting bolts 
shown. 

The wrist-pin end of the connecting rod enters the 
crosshead casting and is held in place by means of the 
wrist pin, about which it oscillates when the engine is in 
operation. 
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(/) The Connectmg Rod. This rod connects the re- 
ciprocating crosshead with the rotating crank shaft and 
transmits the forces from one to the other. It consists 
of a body or shank and two ends or heads. The ends may 




Fig. 58. — Connecting Rod with Bolted Strap Ends; May be Used 
with Center or Side Crank Constructions. 

be " closed " or " solid as shown in Fig. 57; they may 
be made with a strap bolted in place as shown in Fig. 58; 
or the crank-pin end may be made of two half boxes bolted 
together to form a " marine end " as shown in Fig. 59. 
The ends are always made adjustable so that wear 




Fig. 59. — Marine End Connecting Pod. 



can be taken up, thus preventing noisy operation due to 
hammering between the ends and the pins at times when 
the direction in which forces act is reversed. With solid 
and strap types this adjustment is generally made by 
means of wedges similar to those shown in Figs. 57 and 58. 
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With the marine type shims are used between the two 
halves, and the diameter of the hole formed by the latter 
is decreased by the removal of shims of the required thick- 
ness. 

(g) The Shaft. The crank shaft itself is generally made 




JourimU''^ 

Fi(i ()(). — Crank Shaft, Center Crank. 



or Balances 

Fig. 61.— Center Crank.. 



Couotcrwcight 

Fig. 62. — Center Crank. 

of steel, but the counterbalances are often of cast iron. It 
may be one forging throughout or may be built up by 
shrinking the various parts together. Multicrank shafts 
of large size are generally of built-up construction, the crank 
pins being shrunk into the crank arms and the latter shrunk 
on to the pieces of shaft. 

The counterbalance weights are used to balance the 
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centrifugal effect of the crank pin, part of the crank arms 
3tn.<l part of the connecting rod, all of which rotate off center, 
txi some engines part of the unbalanced effect of the recip- 
rocating parts is also imperfectly balanced by these counter- 
balances. 

Various types of shafts are shown in Figs. 60, 61, 62, 
and 64. 

(h) Bearings. Bearings are distinguished as ?noin and 
outboard bearings. Main bearings are those carried by 




Fig. 63. — Crank Shaft and Disc, Overhung Crank. 




Fig. 64. — Overhung Crank. 



the frame of the engine and outboard bearings are carried 
by separate pedestals or by pedestals fastened to a plate 
which is in turn fastened to the frame. Center-crank 
engines have two main bearings, and side-crank engines 
only have one, the other end of the shaft being supported 
by an outboard bearing. 

The bearings of steam engines are generally formed 
of babbitt-lined boxes carried within jaws machined in a 
frame, or in a separate pedestal, and held in place by a 
bearing cap. The boxes are made in two, three or four 
parts to allow for adjustment to compensate for wear and 
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to give a certain degree of flexibility. Adjustment for I 
wear is either made by means of wedges or by means cl I 
screws which force the various parts of the boxes towaiil 
the shaft. An example of a three-part bearing with screw 1 
adjustment as used with large side-crank engines is show I 
in Fig. ()5. The parts of a three-part bearing with wedp | 
adjustment are shown in Fig. 66. 

Boai'ings are often lubricated by rings or chains, and 
they are then known as ring- or as chain-oiling bearings. 




Fig. Co. — Three Piirt Main Bearing with Screw Adjustment. 



In the ring-oiling bearing one or more metal rings of large 
diameter hang loosely on the shaft within the bearing and 
dip into an oil reservoir below the shaft. Rotation of the 
shaft causes the rings hanging on it to rotate and they 
carry oil up from the reservoir and spill it out over the shaft 
within the bearing. Chain bearings are similar except that 
chains are substituted for rings. 

(t) Fly-wheels. The function of the fly-wheel has al- 
ready been considered and need not be discussed further. 
The wheel is constructed with a heavy rim joined to a hub 
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by six or eight arms. In the smaller sizes the wheel may be 
cast in one piece, but best practice calls for a split hub in 
%t case to partly equalize certain casting strains which 
^ult from unequal thicknesses of metal in different parts 
the wheel. Large wheels are cast in two or more parts 
^th. for the purpose of partly avoiding casting strains 
^^d for the purpose of facilitating handling and shipping. 




Fig. 66.-— Three Part Bearing Fig. 67. 

Showing Wedge Adjustment. 



A two-part wheel with the rim sections joined by 
prisoner links shrunk in place and the hub fastened with 
bolts is shown in Fig. 67. ' 

PROBLEMS 

1. A given engine has a piston displacement of 3 cu.ft. and a 
clearance volume of 3%. Compression begins when 85% of the 
exhaust stroke has been completed and the pressure within the 
cylinder at that time is 16 lbs. per square inch absolute. Deter- 
mine the weight of the cushion steam on the assumption that this 
steam is dry and saturated at the beginning of compression. 
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2. Assume the engine described in Prob. 1 to cut-off at J stn 
and with a pressure inside the cylinder equal to 115 lbs. per squi 
inch absolute. Find the weight of cylinder feed if the qual 
of the material in the cylinder at the time of cut-off is 75%. 

3. Fmd the piston speed of an engine with a stroke of 2 
and a rotative speed of 150 R.P.M. 

4. Show by means of Heck's formula that initial condensati 
increases with pressure range. 



CHAPTER VIII 



THE INDICATOR DIAGRAM AND DERIVED VALUES 

63. The Indicator. The ideal steam engine cycle was 
described in Chapter IV, and the sort of diagram which 
would be obtained from a real engine was shown in Chapter 




Fig. 68. 



VII; but the means by which such diagrams are obtained 
from operating engines was not given. 

Indicator diagrams showing the pressure and volume 
changes experienced by steam in the cylinders of real 
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engines are obtained by means of an instrument known as 
an indicator. The operation of obtaining such diagrams is 
kuowu tii^ indi eating the engine. 

An external view of one form of indicator is shown in 
Fig. 68 and a seeticm through the instrument is given in 
Fig. 09* The method of connecting an indicator to tbe 




cylinder of a steam engine and one method used for driving 
it are illustrated in Fig. 70. 

Tiie iiidieator is intended to draw a diagram showing 
corresponding pressures and volumes within the engine 
cylinder and must, therefore, contain one part which will 
move in proportion to pressure variations and another which 
will move in proportion to volume changes. The one may 
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called the pressure-measuring and the other the volume- 
Lsuring device. 

The pressure-measuring device generally consists of 
ston, such as shown in the figure, working with minimum 
tion in a small cylinder and fitted with a spring which 
resist what may be called outward motion (upward 
the figure). The cylinder containing this piston is 
pled to a short pipe connected with the clearance space 
the engine and, whenever the indicator cock in this 
nection is open, the steam acting on the engine piston 




Fig. 70. — Method of Attaching and Operating an Indicator. 



also act on the indicator piston. Steam of any given 
isure will drive the indicator piston out against the 
on of the spring until the pressure exerted by the spring 
qual to that exerted on the face of the piston. The 
cator piston will thus move out different distances for 
;rent pressures, and, through the piston rod and pencil 
hanism, will move the pencil point to various heights 
esponding to different steam pressures. The pencil 
hanism is so arranged that the point traces a straight 
ical line on the drum as the indicator piston moves in 

out. 

springs are made to certain definite scales, thus there 
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arc\ for instance, 10-lb., 25-lb., 50-lb. and 100-lb. spiiJ 
The nunilKT which is known as the scale of the sn 
(lcsijjnat(*s the steam pressure in pounds per square im 
which is required to move the pencil point 1 inch agM 
th(» action of such a spring. With a 100-lb. spring in M 
indicator, a steam pressure of 50 pounds per square iiAl 
actiuf^ on the indicator piston would drive the pencil upil 
distance of half an inch, a pressure of 100 pounds per sqiWR I 
inch would give 1 inch of motion and so forth. I 

The volumc-nicasuring device is of an inferential W I 
It simply indicates the position attained by the engjMl 
piston Mt the time when a given steam pressure existed in 1 
the cyhndcr nnd the volume occupied by the steam can be I 
calciihitcd from piston position and cylinder dimensions. 1 
The position of the piston is indicated by connecting the I 
cord woimd around the drum to some part of the enpe I 
which is rigidly connected to the piston. The crosskead I 
is commonly used for this purpose and, since the motion 1 
of this nunuber is generally much greater than the circum- 1 
fciHMicc of the drum, it is necessary to use a reducing I 
mechanism of some sort. This mechanism must be ver)' I 
acciirat(\ so that it moves the drum as nearly as possible 
in proportion to the motion of the engine piston. 

The pencil point moves up and down as the pressure 
within th(* cylinder varies, and the drum rotates under 
the j)oint in proportion to the motion of the engine pis- 
ton, so that the combination of the tw^o motions brings the 
pencil ])oint to successive positions on the drum which indi- 
cate successive corresponding values of steam pressure and 
piston position. By mounting a piece of paper, known 
as a card, on the drum and pressing the pencil point upon 
this paper, the successive positions occupied by the pencil 
point will be recorded in the form of a series of curves and 
straight lines. 

If the drum is rotated with the lower side of the indica- 
tor piston connected to atmosphere, the pencil will trace 
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a horizontal line. This is known as the atmospheric line 

and is used as a reference for locating the pressure scale. 
If the indicator cylinder is then connected with the engine 
cylinder and the drum is rotated by the reducing mechanism, 
a diagram similar to that of Fig. 71 will be drawn upon the 
card. The atmospheric line indicates the height assumed 
by the pencil when atmospheric pressure acts on the 
piston and, knowing the value of the existing atmospheric 
pressure (barometer reading) and the scale of the spring, 
a line at a height representing zero pressure can be drawn 
on the card. This line is indicated in Fig. 72. 

The length of the card between the lines a and h is 
proportional to the length of the engine stroke and there- 




FiG. 71. Fig. 72. 



fore to the piston displacement, that is, to the volume 
swept through by the piston. Knowing the clearance 
volume of the engine as a percentage or fraction of the 
piston, displacement, this fraction of the length of the 
diagram can be laid off from the end of the diagram to 
give a line of zero volume. This line is also indicated in 
Fig. 72. 

With the line of zero pressure and the line of zero 
volume drawn in, all values of steam pressure and volume 
occupied by steam can be read directly from the diagram, 
and it thus forms a picture of what occurs within the real 
engine cylinder. 

The indicator diagram is used for a number of purposes, 
the more important being: 



STEAM POWER 



(1) The determination of the energy made availik 
within the eyhnder, that is, the indicated horse-power, li> 

(2) The detenuination of the amount of initial conJ* 
sat ion and of heat interchanges between walls andcyfote 

(li) The detennination of what is known as the fiagraa 
water rate. 

(4) The study of the operation and timing of valves. 
The second one of these uses has already been consideiei 
in ( 'ha])ter VII, the others are treated in succeeding sections. 

64. Detennination of I.h.p. The lines of the indicator 
diaf?rani show by their height the pressures or forces acting 
on the eiij2;iiio piston as it moves. But the product o] jifttX' 
by (li.stdtice is equal to work and these lines can be used there- 
fore for determining the net 
work done by the steam 
upon the piston. 

In Fig. 73 is shown the 
upper part of the diagram, 
the curved lines represent- 
ing the successive pressures 
in pounds per square inch 
which acted on the left face 
of the piston while it moved 
outward. If the averagi 
pressure could be deter 
mined and multiplied h] 
the area of the piston face, this product would be th 
average total force acting on the piston. Multiplying thi 
by the distance traveled would give the work done b 
the steam upon the piston. Expressed in the form of a 
equation, 

J5;o = poXaXL ft.-lbs., (31 

in which 

Eo = work done upon piston by steam during outstrok 
po = niean pressure (in pounds square inch) acting < 
piston during outstroke; 




y. ///////, /./////'■' 



Fig. 71^. — Positive Work Area. 
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= area of piston face in square inches; and 
= stroke of piston in feet. 

or the instroke shown in Fig. 74, the work done by 
piston on the steam is given by the similar expression, 

F, = piXaXL ft.-lbs., .... (34) 



P 




Fig. 74. — Negative Work Area. 



in which Et and pt represent work done and mean pressure 
respectively. 

The net work done by the steam upon the piston per 
cycle is then, 

Ecycie = Eo-Ei = (po-pi)aLftAhfi, . . . (35) 

The values of po and pt can be found directly from the 
diagram by dividing the areas Ao and Ai respectively by the 
length I and then multiplying by the scale of the spring, 
giving 

po=-|^X scale of spring, 

and 

p<=-y^X scale of spring, 
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so that, 

po - />< = P = - J— X scale of spring 



area of diagram , ^ , r • /ot, 
= J - Xscaleof spring. . W 



The valiK* of p evidently can be determined very 
from indicator diagram, and the work per cycle cank 
found wh(Mi p is known by substituting in the {ollo\fin| 
cciuation, obtained by putting p for po — pi in Eq. (35), 

7i:cycic = pXaXL ft.-lbs. . . . . (38) 

'rh(* pn^ssun* p is known as the mean effective pressure and 

is often represented l)y M.E.P. 

If // cyck^s are produced per minute, the net work done 
l)y the steam upon the piston per minute will be 

Ejnxn = pXaXLXn, ..... (39) 

which is generally rearranged to read, 

K mux = pL(Ul, (40) 

in which form the group of k^tters fonning the right-hand 
meml)er is easily remembered. 

Since 33,000 foot-pounds per minute are equivalent 
to one liors(^-pow(M', it follows that the power made avail- 
able as shown by the indicator diagram, that is, the indicated 
horse-power, must be, 

J , pLan .... 
^•'^•P- = 337000' (^^^ 

in which 

p = mean effective pressure in pounds per square inch; 

L = stroke of piston in feet; 

a = area of piston in square inches; 

= (diam. cyl. in inches)2X7r/4 = .7854dP; and 
n= number of cycles per minute. 
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an engine cylinder takes steam on one side of the 
l^^otx only, that is, if the cylinder is single acting y the num- 
cycles produced per minute is equal to the number 
^^Volutions per minute, but it should be noted that for 
arrangements this is not necessarily true. In the 
of double-acting engines which receive st^am at both 
^*^ds of the cylinder, the number of cycles produced is equal 
^ twice the number of revolutions. 

It should also be noted that the symbol a represents 
area of the piston face upon which the steam acts. 
^* a piston rod extend from the face of the piston to and 
through the cylinder head (as is always the case at the 
^l^nk end of double-acting cylinders), the area of the 
Piston rod must be subtracted from that of the piston to 
obtain the area on which the steam really acts. When a 
• tail rod is used, a correction must be made for each side 
of the piston. 

In the case of double-acting engines the indicated 
horse-power may be determined in two ways: It may be 
figured separately for the two ends of the cylinder, or 
the values for the area and pressure may be averaged for 
the two ends and the value of n chosen equal to twice 
the revolutions per minute. The former is generally the 
more accurate method. 

It will have been observed that the area of the indi- 
cator diagram must be determined before the mean 
effective pressure can be found. This area is generally 
measured by means of an instrument known as a planimeter, 
and this is the most accurate nietliod. It occasionally 
happens, however, that a planimeter is not available when 
the value of the indicated horse-power is desired. Under 
such circumstances an approximate determination of the 
area of the indicator diagram can be made by the method 
of ordinates. 

For this purpose the length of the diagram is divided 
into an equal number of parts, usually ten, as shown in 
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Fig. 75 and vertical lines j/i, 1/2, 2/3, etc., are drawn at the ce 
of each of the parts into which the diagram has been divi 
The mean ordinate or height is then found from the eq 
tion, 

^ yi+l/2+1/3+1/4+etc. 
number of vertical lines* 

and the mean effective pressure is then determined by 
multiplying i/» by the scale of the spring. 

An indicator diagram similar to that shown in Fig. 76 
is occasionally obtained. The small loop on the end repre- 
sents negative work, since the pressure of the steam which 





Fig. 75. 



Fig. 76. 



does work upon the piston is lower than that which resists 
the return of the piston. When using a planimeter, this area 
is automatically subtracted from that of the rest of the 
diagram, but care should be taken to see that this is also 
done when the method of ordinates is used. 



ILLUSTRATIVE PROBLEM 

1. Determine the I.h.p. of a double-acting steam engine, having 
a cylinder 8 ins. diameter, length of stroke, 12 ins., running at 
100 R.P.M., the mean effective pressure (M.E.P.) on the piston 
being 45 lbs. Neglect the area of the piston rod. 

Ih P^qn (pXa) Ibs.X(Ln) ft. per min. 
• "33,000 ~ 33,000 ft.-lbs. per min. 

^ (45X8X8X .7854) lbs. X jf X 100X2) f t. per min. 
33,000 
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2260 lbs. X 200 ft. per min. 
33,000 

= 14 nearly. 



2. The I.h.p. of a double-acting engine is 14, the R.P.M. -100; 
'M.E.P. =45 lbs.; length of stroke = 12 ins. P'ind the diameter 
^ of the ej^linder, neglecting area of piston rod. 

First determine the area of the piston from the formula 



66. Conventional Diagram and Card Factori. It iH 

often necessary to approximate the mean effective pnJMMuro 
obtained in the cylinder of an engine when no indiciator 
diagrams are available. The most common coHe in wh(»n 
an engine is being designed to carry a certain load and it 
is desired to determine the necessary cylinder dimeriHionH 
and speed. If the probable mean effective preHHuni aiu Ix? 
determined, the dimensions and speed can Ixj found from tlu; 
equation, 




or a = 



33,000 I.h.p. 
pXLXn ' 





151 4 . 

— = V 65.4 =8 ins. (approx.). 



I.h.p. per cylinder end = ,. 



pLan 
33,(J00' 



by rewriting it 



Lp.h.= 



33,(XJ0 



from which 



33,CX)0 Lh.p^ 
0.7854 pLn 



Since n is equal to revolutions per minute for one cylinder 
end, the product of L by n must be equal to half the \iiHton 
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speed of the en^ne, and a proper value of this product can 
hx* chosen for substitution in the equation. If a proper 
value? for p can then be predicted the only unknown remain- 
in^ will \)e the diameter dy and this can be found by solving 
the e(iuation. 

The prediction of the mean eflFective pressure is made 
eith(?r by drawing upon recorded experience in the form 
of values obtained in similar engines pre\'iously constructed 
or l)y means of what is known as a CQnyentional indicator 
diagram. 

The conventional diagram is drawn with upper and 
lower i)res«ures equal to those expected in the case of the 
real (?ngine, and all expansions and compressions are drawn 
as recjtangular hyperbolas. The equation of the rectangu- 
lar hyperbola is 

PlVi=PnVn, (44) 

in which subscript 1 indicates initial conditions and sub- 
script 71 represents any later conditions with the same mate- 
rial in th(» cylinder. This law is assumed because it is the 
sinipkjsi and, as a rough average, gives values as close to 
those actually attained as do any of the more complicated 
laws. 

The diagram may be drawn as nearly as possible like 
the one whi(!li the engine may be expected to give or it 
may Ikj drawn with various simplifications which remove 
it more and more from the approximation to an actual 
indi(;at()r diagram. In any (;ase, the mean effective pres- 
sure is (letennined from this diagram and this value is then 
multi])lied by a corrective factor, the value of which has 
l)een dotenniued by experience. This corrective factor is 
called the diagram factor or card factor and it is reall}'- 
the ratio of the area of the diagram the engine would 
really give to the area of the conventional diagram 
used. 

The simplest, f *>f ocmventional diagram is drawn 
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by neglecting the clearance volume and has the shape shown 
in Fig. 77. The upper line is drawn horizontal at a height 
representing the highest pressure expected and of such a 
length (compared with the length of the diagram) lus will 
approximately represent the fraction of the stroke at which 
cut-off is to occur in the real 
engine. The expansion curve is 
then drawn in as a rectangular 
hyperbola and extended until the 
end of the diagram is reached. 
The next line is drawn vertical 
and the lower line of the diagram 
is drawn horizontal at a height 
representing the pressure expected 
in the space into which the engine 
is to exhaust. 

This simple diagram can be 
divided into the three areas shown 
and the value of the work represented by these areas can he 
determined from the equations given below, the first and 
last of which should.be self-evident from what has precredcd. 
The equation for the work represented by area A 2 can bo 
determined very easily by means of integral calculus. The 
equations are, 




Fig. 77. — (conventional In- 
dicator DiaKrani. 



Ai represents PiVi ft.-lbs.; 

V2 

A2 represents PiVi logey- = PiFi loger ft.-lbs., 

and 

A3 represents P2V2 ft.-lbs., 



in which P represents pressure in pounds per square foot and 
V represents volume in cubic feet. 

The total area is then equal to the sum i4i4-^2 — ^3 
and the net work is equal to a similar sum of the right" 
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hand members sdven above. The net work must also 
f*qnal the mean-effective presRnre multiplied by the 
total volume chance, m that 



and 



P«r2 = Piri+Pi Fi log. r-P^Fi. . . (45) 
P» = Pif^^Pi-^ lop?. r-P. . . . (46) 

=^^(?;^t;^^^)~^^- ... (47) 



and •'ubHtitutinjr - for \)- this gives 
r V 2 



P, = P.(^^)-P. (48) 



The ratio -^ = -1^ <^alletl the ratio of n^ m^ ui^ yg^ ^j^j i^g 

reoiproeal. = ^ i> known the cut-off mtio. Bv the use 

this ratio the vi'liune ternLs can be disposed of and the 
t^iuation above i> obtained. This equatioa then gives the 
mean effective pressure in term:? oi upper and lower pres- 
sures :vnd the tniotion ot the --troke at which cm-off is 
dt^ireii in the real enaine and no cylinder dimen^ons need 
Nf^ known, 

"-iuxv pn^suHr^s in >teani-en:rine practice are usuallv 
Sffiven in i^-'uniis per s<:juare in«^h. rh*^ ei^uatioQ for mean 
etffevrive rrv^ssun:^ is ni^'^re useful in th»^ t«^rm 



— I — 149) 



in which Pi and and ar^^ ex^^rvscj^i in pounds per 
aqxiarc inch ahsolute. For ctnivenience in the use of this 
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The values of the mean effecxrre prt^i^iT!? ohr^iwvi 
from this f<MTn of dia^ran are Terr much hiirhoT ih^ii ^^ro 
to be expected from real enpnes with the f^anio iniii^il ajid 
terminal pressures and the same Dominal ratio of oxjviiv 
sion. They are therefcwe corrected by muhiphiiiir by tho 
proper diagram factor as selected from Table IV, It is 
obvious from the range of vahies given that tho :^^tvtion 
of a proper value for the factor depends largely on o\|v- 
rience, but such experience is quickly gaine^l by <t>t\t>«iot 
with real engines and a study of the practice diagran^s. 

TABLE IV 
Diagram Factors 



Simple slide-valve engine iV^ to IX)' 

Simple Corliss engine Sf) to \K) 

Compound slide-valve engine 55 to SO 

Compound Corliss engine 75 to SA 

Triple-expansion engine 55 lo 70 



66. Ratio of Expansion.— The ratio of (^xpiuiMion wmnl 
above is sometimes called the apparnit ratio. || in tiiH jhn 
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real ratio of expansion for an engine with clearance. For] 
such an engine the real ratio of expansion is 



(50) 




Fig. 78. 



in which the S3niibols represent 
the volumes indicated in Fig. 
78. 

The numerical values ot r 
and r' are often very different 
and care should be used in dis- 
tinguishing between them. The 
diagram factors referred to in 
Table IV are for idealized con- 



ventional cards without clearance as shown in Fig. 77. 



ILLUSTRATIVE PROBLEMS 

1. Given an engine with a stroke of 24 ins. and cut-off occurring 
at i stroke. Steam pressure of 160 lbs. per square inch and 
hack pressure of Hi lbs. Assume diagram factor =80%. Neglect- 
ing clearance, find the probable M.E.P. 




= ie0X.7-16 = 112.0-16=96 lbs. 



Hence probable M.E.P. = .80X96 =76.8 lbs. 

2. A given double-acting engine indicates 75 I.h.p. imder the 
following conditions: 

Cut-off at 20%; steam pressure, 140 lbs. per square inch 
absolute; piston speed, 600 ft. per minute; back pressure, 2 lbs. 
per square inch absolute. 

Assume a diagram factor for this type of engine equal to 85%: 
and neglecting clearance, find a convenient size of the cylindei 
(diameter and stroke). 
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Solution. 



p„ =p(H^) = i4o(l±|?l-^) -2 = 140( 522) -2 

= 73.1 -2 =71.1 lbs. per sq.in. 

Diagram factor =85%. Hence probable 
M.E.P. =71.1 X.85 =60.4 lbs. 

Therefore, since 

T. pLan 75 X33,000 ^ . 
'•'•P-=33;000 ^=6a4^==^^-^^^-^"- 

rf =9§ ins. (approx.) ; 
and since 2Ln = 600, assume L = 1 f t. 
Hence n=300R.P.M. 

The engine is rated 9.5X12 ins., running at 300 R.P.M. 

67. Determination of Clearance Volume from Diagram. 

It was shown in a preceding paragraph that the clearance 
volume of a cylinder must be known in order to draw the 
line of zero volumes on the indicator diagram. This 
volume can be determined accurately for any real engine 
by weighing the quantity of water required to fill the clear- 
ance space, but this procedure is often impossible and 
an alternative, though approximate, method is often 
resorted to. 

This method is graphical and depends upon the assump- 
tion of the law of expansion and compression. As in the 
case of the conventional diagrams, expansion and compres- 
sion are assumed to follow rectangular hyperbolas. 

It is a property of this curve that diagonals such as 
aa and 66 drawn for rectangles with their corners on the 
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curve all pass through the origin of coordinates as shown 
in Fig. 79. 

If two points a and c are selected on the expansion 
curve of a real diagram and a rectangle is drawn upon 
them as shown in Fig. 80, the diagonal bd extended wiD 
pass through the origin of coordinates, if the expansion 
follows the assumed law. The point at which this diagonal 
cuts the zero pressure line must therefore be the point 
through which the vertical line of zero volume is to be drawn. 

If the original assumption were correct, this construc- 
tion would give the same point when different locations 
of the points a and c were chosen and when used on the 




compression as well as on the expansion line. In reality 
it will generally give as many different locations for the 
origin as are chosen for the rectangle abed. It is customary 
to construct this rectangle of fair size and to locate it near 
the center of the expansion curve. 

68. Diagram Water Rate. As was shown in an earlier 
chapter, part of the steam supplied an engine is generally 
condensed upon the cold metal walls surrounding it The 
indicator diagram therefore shows the volumes assumed by 
the mixture of steam and liquid water in the cylinder, 
but, since the volume occupied by the liquid is negligible, 
it may be assumed to show the volumes occupied by the 
part of the mixture which exists in vaporous form. 
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the diagram at the point z is 

MV=tr,— tl> = ;^-y^ ^VO 



The formula is generally nuHlifuMl to nivo tho 
consumption per indicated horse-power iimliMul of 



134 STEAM POWER 

per cycle, and it is also expressed in different terms as a 
matter of convenience. 
For this purpose let 

i/ci = clearance volume divided by piston displacement per 
stroke 

Jji 
// 

2/2 = piston displacement to point z divided by piston dis- 
placement per stroke 

// 

i/i; = piston displacement to point k divided by piston dis- 
placement per stroke 

a = area of piston in square inches; 

p = mean effective pressure in pounds per square inch; 

L = stroke in feet ; and 

n = number of cycles per minute 

The piston displacement is then cubic feet and 

the volumes at z and k are given by 

and 

F..(».X^^) + (v„X^). 

Substituting these values in Eq. (53) gives the cylinder 
feed per cycle as 

-niC^'-'^')- ■ ■ . (M) 

Multiplying by the number of cycles per hour (60 Xw) 
and dividing by the indicated horse-power, gives 
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-lilt diagram water rate, or steam shown by the diagram per 
[.h.p. hour as 

_ 1S,750 ( yz+ya yt+ya\ 

w,= — [-^^ — ^vT"/' • • • ^^^^ 

in which form the equation involves only values which can 
be determined directly from the diagram without any 
knowledge of the engine dimensions. 

The value obtained for will vary as the location of 
points z and k are varied because of the quality changes 
occurring during expansion and compression, and it is 
obvious that the diagram water rate is in no sense an accu- 
rate measure of the real water rate of the engine. It is, 
t^owever, very useful for comparison with the real water 
cate, the ratio giving an indication of the loss by con- 
densation. 

Average values for real water rates are given in Chapter 
XI, 



ILLUSTRATIVE PROBLEM 

Given the diagram shown in Fig. 82 and the following data 
^om an actual test, find the diagram water rate for point c, and 
^or point n. Double-acting steam 
^Ugine having: 

Average piston area =28.0 s(i.- 

Length of stroke =8 in.; 

R.P.M.=237; I.h.p.=8.75; 
M.E.P.=31.6 lbs.; 

Clearance = 13% ; Beginning of 
compression = 29% ; 

Weight of condensate per hour 
=371 lbs.; 

Quality at throttle =95%; 

Sp. vol. at c=7.8; 

Sp. vol. at n = 12.57; 

Sp. vol. at K =38.4 cu.ft. per lb.; 

Assume xt = 100%. 
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Solution. Substitution in Eq. (55) gives 
13J50 /j/r-hj/ci yk±yci\ 

,750 / 0.39+0.13 _ 0.29+0.13\ 
1.6 \ 7.8 38.4 7 



__13,: 
" 31. 

=24.2 lbs. per l.h.p. per hour at point c. 



njoO /yn-\-ya yk+yei \ 

13,750/0.638+0.13 0.29.+0.1 3\ 
~ 31.6 \ 12.57 38.4 / 

= 21.83. lbs. per l.h.p. per hour at point n. 

Real water rate = ^l4x0.95 =40.2 lbs. 

AT 

69. 7'</>-diagram for a Real Engine. In Chaptei' 
the Tc^Hcliagrams of the various ideal cycles were given ^ ^ 
att<intion was called to the fact that these diagrams ^ 
particularly useful, because they showed certain thi^^^ 
which were not apparent from the more conamon F ^ 
diagrams. 

It has been customary for many years to draw 
diagrams for real engines by transferring " the 
diagram to T^-coordinates, and various analytical and 
graphical methods have been developed for this purpose- 
There are certain unavoidable errors in all the methods 
used for drawing these diagrams, and the expansion curve 
is the only one of all the lines finally obtained which has 
any claim to accuracy. Even this curve is generally incor- 
rectly interpreted, because a knowledge of the exact weight 
of clearance steam is necessary for an accurate interpreta- 
tion and such knowledge is never available. 

Under the circumstances it seems unnecessary to con- 
sider in this book the rather complicated details involved 
in the construction of Tc^Hdiagrams purporting to show 
the behavior of steam in real engines. 
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70. Mechanical and Thennal Efficiencies. The method 
of obtaining the indicated horse-power from the indicator 
diagram has been given in preceding paragraphs. In the 
real engine this power is not all made available at the shaft, 
because some of it is used in driving the engine against 
its own frictional resistance. Calling the power lost in 
this way the friction horse-power, it follows that 

I.h.p. = F.h.p.+D.h.p, .... (56) 

in which 

I.h.p.= indicated horse-power determined from the real 
indicator diagram; 

F.h.p.= friction horse-power, i.e., power required to 

drive engine; and 
D.h.p. = developed horse-power, i.e., power made avail- 
able at shaft. 

The developed horse-power is therefore always less 
than the indicated horse-power. The better the construc- 
tion of the engine the smaller the friction loss, and the 
measure of this loss is usually given in the form of an ef- 
ficiency. It is called the mechanical efficiency, and is defined 
by the equation 

Mech.eff. = ?^- (57) 

I.h.p. ^ ' 

Values of mechanical efficiency range from about 80 per 
cent in the case of poorly designed and poorly adjusted 
horizontal engines to about 95 per cent in the case of the 
best vertical designs. 

The efficiency determined by dividing energy made 
available by heat supplied is known as the thermal efficiency. 
There are two possible thermal efficiencies, one based on 
the indicated power and the other on the developed power. 
The former is called the thermal efficiency on the indicated 
horse-power or the indicated thennal efficiency; the other 



138 



STEAM POWER 



is known as the thermal efficiency on the developed hcrse- 
power or the developed thermal efficiency. Obviously 

Dev. ther. eff. = Mech. eff.X Indie, ther. eff. . . (58) 

The heat supplied may be assumed in two different 
ways; it may be taken as the total heat above 32° F. in the 
steam supplied the engine, or it may be taken as this value 
less the heat of the liquid corresponding to exhaust tem- 
perature. The second method is preferable, since it is 
reasonable to assume that the exhaust steam can be con- 
densed to water at the same temperature and that this wat«r 
can be pumped to the boiler with the heat of the liquid 
corresponding to this temperature. This is practically 
parallel to the assumption made in treating the theoretical 
cycles. 

The thermal efficiencies are then 

Indie, ther. eff. 

I.h.p. X2545 ^ ^^gj 

Heat above exhaust temp, supplied per hour' 

and 

Dev. ther. eff. 

D.h.p.X2545 

Heat above exhaust temp, supplied per hour* 

Values of the indicated thermal efficiency range from 
about 5 per cent in ordinary practice with small engines to 
about 25 per cent in the best large engines. Values as low 
as 1 per cent are not uncommon with small, poorly designed 
and poorly operated engines. 

The actual performance of the cylinder of an engine 
is sometimes compared with the ideal possibilities as indi- 
cated by the Clausius and the Rankine cycles. The ratio 
of the work obtained in the real engine to that which could 
be obtained from the same quantity of heat with a Rankine 



the ^iiriirrg ncarOBd xaihie lieiiHr jii^ over 



1. Fane Taiifc L Claq«K!r 1, pioi liic ^5p«>itir Kr*i ^-^^it^r 

iMStarmtdaaae T-s^iucs ijivm, Br xiic oirdiitiiir Tivi^^<^i for l>^>4i>^ 
tht Bcaoi licsE^i d jm indiaaoir dia^rnuo), <iM^m)i)>c lW 
or mT^eraee -s^wvific bea3 over xhif rjuupr, 

the ioAcwins: rcnditkffis: 

Stesm presOTP =150 lh£^. per fKjiuuf inch 

Back presEviFp =16 Ihs. per squarr mch ;ilKsi^t^; 

Pkton fpml =540 ft., per niimite. 

If the (hatgnm fartor for this ty|y* of fntnw Js T^*\>. t^i^^ t)w* 
diameter of the ryhnder and srfcct the sti\>kc and 

3. Assume a snfcle-arting eni!:ine ^ith dijun^i^t'or iMh) 1 Wn^ 
stroke, 10X12 ins,, to have cut-off ticour at \*arhvus |v>i«t3i Wt>^'^n 
10^ and 50^ erf stroke. Assume alsi> the pn>ssurt>s, s|y><Ni jind 
card factor as given in Proh. 2, Find the l.h^p. M 
different cut-offs, 

4. Given an 18X24-in. enpne ninninjc^ at 12t) H.V.M. 
Back pressure =2 ll>s. jx^r squjuv inch aKsi>hito; 
Clearance = lO^c ; 

Cut-off =40%; 
Diagram factor =85%. 

Supposing cut-off to remain const.nnt, fintl tl^o Mk^vV oor- 
responding to steam pressure of 50, \)0, and MM) Ihs. por f<q\u\ro 
inch absolute. 

6. Find the weight of dry steam which nnist W h\\\)\)\\vi\ \\vv 
I.h.p. hour for each case of the previous proMtMu, Mssinniny: 
quality at cut-off to be 80%. Assume compn^sHioii pn«r<Miin» iw 
be 30 lbs. absolute and that steam is dry and HuliinilfMl iit piuI «if 
compression. 

6. Find the quality of stoam at cut-off in ji rylincliM', hi whli h 
the piston displacement is 0.1278 cu.ft.; rlejiran(M» - 10",',; imiI mIT 
at 25% stroke; steam pressure at cut-off, 115 IbM. por ^<(iiimi*i« 
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inch absolute, and weight of steam in the cylinder at cut-off = 

0. 012 Ih. 

Note. Qual it V = i- -^-t^rr7? 7^^ i for the given pressure. 
>\ eight XSp. vol. 

7. The piston displacement of a certain engine is 0.2 cu.ft. 
What weight of aietxm is in the cylinder at release where quality 
is \)0%, and pressure is 25 lbs. per square inch absolute, if the 
clearance is 10%, and release occurs at 95% of the stroke? 

8. Find the weight of cushion steam in a 6X6 in. engine in 
which clearance = 15%; compression begins at 85% of the return 
stn)ke; back pressure is 14.7 lbs. per square inch absolute, and 
the (lualitv of the cushion steam at the beginning of compression 
is 95%. ^ 

9. Find the pressure and quality at the end of the compression 
line of the previous problem, assuming it to be adiabatic. 

10. An SX 10 in. engine running at 300 R.P.M. is double-acting, 
and cuts off at 15% of the stroke at a pressure of 120 lbs. per 
s(|uare inch absolute. It has a steam consumption of 35 lbs. per 

1. h.p.-hour. The compression begins at 60% of the return stroke 
with a (luality of unity and a back pressure of 5 lbs. per square 
inch absolute. Clearance = 10%. 

If tliis engine delivers 27 H.P., and has a mechanical efficiency 
of 90%, what is the (luality at the point of cut-off? 

11. In tlie previous problem, assume release to occur at 90% 
of the stroke witli an absolute pressure of 30 lbs. per square inch. 
What is tlie quality at this point? 

12. A certain engine gives one horse-power hour at the shaft 
for every 20 lbs. of steam supplied. The steam has an initial 
pressure of 150 lbs. absolute and is dry and saturated when it 
arrives at the engine. The back pressure against which steam is 
exhausted is 4 lbs. absolute. 

(fl) Find the thermal efficiency of this engine on the developed 
or shaft horse-power. 

(b) If the mechanical efficiency of the engine is 90%, what 
is the value of the thermal efficiency on the indicated horse-power? 
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71. Gain by Expansion. The cycle which gives a 
rectangular PF-diagram is the least economical of all the 
ideal cycles described in Chapter IV. This comes from 
the fact that none of the heat stored in the steam is con- 
verted into work when this cycle is used. Thus, if the 
cylinder shown by full lines in 
Fig. 83 operate on this cycle 
and be of such size that it will 
receive just one pound of steam 
per cycle, it makes available an 
amount of work represented by 
the area ahcd. The positive 
work done by the steam upon 
the piston is the equivalent of 
the external latent heat of 
vaporization while no use is 
made of the heat stored in the 
steam. This stored heat is re- 
moved as heat during the con- 
densation and exhaust, which give the lines he and cd. 

If a piece be added to the cylinder as indicated by 
the dotted lines, the same quantity of steam will make more 
heat available by expanding after cut-off, as shown by the 
curve hCf the net work in this case being represented by 
the area ahefd instead of by the smaller area ahcd. But 
the heat supplied is the same in both cases, namely that 
required to form one pound of steam at the pressure Pi, 
so that the use of a large cylinder and the incomplete ex- 
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pansion cycle results in the development of more wor — 
than can be obtained with the rectangular cycle from th^, 
same amount of heat. 

Obviously it would be theoretically advantageous tc 
add still more to the length of the cylinder and allow the 
expansion to continue to back pressure, giving the com- 
plete expansion cycle as shown in Fig. 84, thus obtaining 
the maximum quantity of work at the expense of the heat 
stored in the steam supplied the cj'^linder. Practically, 
it is found inadvisable to continue the expansion to such a de- 
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gree in reciprocating steam engines, because at low pressures 
the volume increases very rapidly for small pressure drops. 
Thus a great increase is necessary in the size of the cylinder 
if the last part of the expansion is to be completed, but 
the amount of work obtained is comparatively small, as 
shown by the small height of the long toe thus added to 
the diagram. This may result in an actual loss, because the 
increased friction losses of the very large cylinder may 
more than balance the small increase of net work gained 
by its use. It thus results that, in every real reciprocating 
engine, there is some point beyond which it is not economi- 
cal to carry the expansion, and the incomplete expansion 
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therefore approximated in such engines rather 
5 cycle with complete expansion, 
ring the matter from another angle, a cylinder of 
n size may be assumed as shown in Fig. 85. The 
the rectangular cycle 
this cylinder will make 
[e the maximum quan- 
work possible with the 
and lower pressures 

If cut-off be made 
r earlier as at 6', the 
on 6'c' will result in a 
the quantity of work 
d, as shown by the 
c', but the steam used yig. 85. 

se-power will be less, 

there will be a gain in steam economy. Putting the 
still earlier will cause a still greater loss of work 
i from a cylinder of the chosen size, but theoreti- 
11 result in greater economy of steam, 
ming up, it may be said that the greater the ratio 
ision the greater should be the economy in the use 
1 on a theoretical basis. 

lower pressure is set in real engines by the pressure 
space into which the engine is to exhaust. If the 
is to be operated non-condensing, tlie atmospheric 
) determines the lowest possible exhaust pressure; 
mgine is to be operated condensing, the exhaust 
I is set by the lowest pressure which can be eco- 
ly maintained in the condenser. 
e is thus a real limit to the extent to which expan- 
i be carried in any real engine with a given initial 
5. A certain drop must exist at the end of the 
I, for reasons already explained, and an expan- 
B drawn backward from the top of the line repre- 
this drop will give the earliest possible cut-off 
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which can be used in the engme with a given initial 
pressure. 

The ratio of expansion can be further increased, how- 
ever, by raising the initial pressure as indicated by the 

dotted lines in Fig. 86, 
and the limit in this direc- 
tion would come with the 
inability of materials of 
construction to withstand 
the resulting strains. 

These conclusions 
drawn from the facts 
V developed above must all 
be modified in the case of 
real engines, because of 
the effect of cylinder condensation. This has been shown 
to increase as the cut-off is made earlier and as the 
pressure (and therefore the temperature) range in a cyl- 
inder is increased. There is, therefore, a limit beyond 
which it is not advisable to cany- the ratio of expansion in 
a single cylinder. 

Experience has shown that the best commercial results 
are obtained fr-om simple engines, that is, those expanding 
the steam entirely in one cylinder, when (a) they are operated 
non-condensing, (b) the initial pressure is between 80 and 100 
pounds per square inch for the simpler forms of valves and up 
to 125 lbs. with the better forms of valves, and (c) the point 
of cut-off is at about j stroke with the simpler valves and at 
from I to i stroke uith the better forms of valves. These 
values of cut-off correspond to nominal expansion ratios 
of 5 and 4 respectively and to lower values when clearance 
is taken into account. 

72. Compounding. If the ratio of expansion is to be 
increased above the values just given, some means must 
be used for the reduction of loss by condensation. This 
loss can be reduced by decreasing the surface exposed to 
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ti^h-temperature steam and by decreasing the temperature 
a,33.ge in a cylinder. Both of these results can be achieved 
>^y" what is known as compounding. 

Assume that it is deemed advisable to produce a cycle 
aixnilar to that shown in Fig. 87 (clearance neglected) and 
"ti^lxstt in order to obtain 
TkiQli steam economy (low 
'UHzter rate) the ratio of 
Expansion chosen is very 
xnuch greater than four. 
No gain in economy 
Would result from such 
excessive expansion in a 
single cylinder, in fact 
there would be a well- 
defined, unavoidable loss. 
^Ut suppose that the high- 
pressure steam is admitted | 
to a small cylinder such 
a« that shown and is ex- 
panded to the point /, is 
then exhausted as shown 
by fg into the larger cyl- 
inder along gf and then expanded to the point c in the 
larger cylinder. The cycle produced is the same as that 
which would have been obtained by expanding entirely in 
one cylinder, but the surface of the clearance space of 
the high-pressure (H.P.) cylinder, which is exposed to higli- 
pressure steam is smaller than it would be in a cylinder of 
the size required to hold the steam when fully expanded and, 
moreover, the lowest temperature to which it is subjected is 
that corresponding to the pressure at / instead of the 
much lower temperature corresponding to the pressure 
at d. 

The condensation which would occur in the H.P. cylinder 
would obviously be less than that which would result from 
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the use of one large cylinder and, remembering that the 
greater part of the heat given up during condensation is 
received again by the steam during exhaust, it is obvious 
that approximately this same quantity of heat can again 
be given to the low-pressure cyUnder walls. Thus, although 
there are two cylinders in which condensation and re- 
evaporation occur, and although the sum of the heat given 
to the walls of the high-pressure cylinder and that given 
to the walls of the low-pressure cylinder might be greater 
than that given to the walls of a single cylinder under similar 
conditions, the use of two cylinders results in a consider- 
able saving because loss in the high-pressure cylinder is 
practically wiped out by the exhaust of the heat concerned 
into the low-pressure cylinder. 

If the loss by radiation and conduction from the high- 
pressure cylinder be neglected, the result of the use of two 
cylinders is practically to limit the loss by condensation 
and re-evaporation to that occurring in the low-pressure 
cylinder. As the ratio of expansion in this cylinder is in 
the neighborhood of that common in simple engines, or 



saving should therefore be effected by usmg more than two 
cylinders, and it is not inconceivable that five or more might 
be used. The result of using five cylinders is shown in Fig. 
88, and it is evident that the clearance surfaces exposed to 




even less, and as the tem- 
perature range is small, 
the net loss is also small. 



Fig. 88. 



It is obvious that the 
smaller the surface of the 
high-pressure cylinder can 
be made, and the smaller 
the temperature range in 
a single cylinder, the 
smaller will be the net loss 
by cylinder condensation 
and re-evaporation. A 
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high temperatures, the temperature ranges per cylinder 
and the ratios of expansion per cyUnder are all small. 
The gain in economy should therefore be correspondingly 
great. 

There are two limits to the possible muUiplication of cylin- 
ders in this way. 

(1) As the number increases the radiating surface and 
therefore the heat lost by radiation increases. The extent 
of this effect can be appreciated by noting that every 
cylinder with the exception of the low-pressure cylinder is 
really an unnecessary addition, because the cycle could be 
produced entirely in the low-pressure cylinder. On the 
otber hand, the surfaces of cylinders which operate at high 
temperature are small as compared with that which would 
be exposed to this temperature if the entire cycle were pro- 
duced in the low-pressure cylinder. 

(2) As the number of cylinders is increased, the first 
cost, the complexity and the cost of lubrication and attend- 
ance are all increased so that, for each installation, some 
number will be found beyond which the interest on the 
investment and the added cost of operation and mainte- 
nance would more than balance the saving of fuel. 

The second limit mentioned is the more important 
commercially, as it is the first one reached. For ordinary 
operating conditions in stationary power plants expansion 
in two cylinders generally gives the most economical results. 
The total ratio of expansion is generally between 7 and 16, 
that is, the volume of steam at release in the L.P. cylinder 
is from 7 to 16 times the volume at cut-off in the H.P. 
cylinder. For large pumping stations and large marine 
installations, expansion in three cylinders is generally 
considered the most economical, and total ratios of expansion 
of 20 or more are used. Four and five cylinders have 
been used, but the resultant gains do not seem to warrant 
any extensive installation of such units. 

Engines using more than one cylinder for the expansion 
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TABLE V 



Boii^EB Pressure Commonly Used 



Type of Engine. 



BoiliT PresAure. 
PoundB per Sq.in. Cjiaug<>. 



Simple 

Highnspeed compound 

Low-speed compound 

Triple expansion and higher 



SO to 125 
100 to 170 
125 to 200 
125 to 225 



73. The Compound Engine. The tcnn coinpouiiil 
engine will be used hereafter in the coininercial way as 
referring to a 2x engine. Such engines may roughly \)e 
divided into two types, receiver and non-receiver engin(»s. 
The latter are often called Woolf engines, after the man 
who first used this construction. 

A receiver engine has a vessel known as a n»c(nv(»r 
located between the two cylinders and so connected with 
them that the high-pressure cylinder exhausts into the 
receiver and the low-pressure cylinder draws its steam 
from the receiver. By using a receiver the cylinders are 
Daade independent of each other so far as steam events 
are concerned; the high-pressure cylinder can exhaust 
at any time with reference to the events occurring in the 
low-pressure cylinder. 

A Woolf type has practically no receiver, the high-pres- 
sure cylinder exhausting directly into the low-pressure 
cylinder through the shortest convenient connecting pass- 
age. As the high-pressure cylinder must exhaust directly 
into the low-pi^essure cylinder it follows that cut-off must 
not occur in the latter until compression starts in the 
fonner; i.e., very near the end of the stroke. 

An engine with a receiver of infinite size would give 
a horizontal exhaust line for the high-pressure cy Under 
and a horizontal admission line for the low-pressure cylinder, 
since the smidl amount of steam given to or taken from the 
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receiver would have no appreciable effect upon the pressoi 
within that vessel. Neglecting throttling losses, the hig^ 
pressure and low-pressure cards would therefore fit togetta 
as originally indicated in Fig. 86. 

With receivers of finite size there are pressure chanf» 
during exhaust by the high- and admission to the low-pr* 
sure cylinders, and real valves and connections also cao* 
certain throttling losses, so that the lines representiii| 
these events are not horizontal nor do they exactly coincide. 

A diagrammatic arrangement of the Woolf engiw 
is given in Fig. 91 with idealized diagrams obtained by 



g| Valve 




FHi. 01. 



assuming hyperbolic expansions, no clearances, and no 
throttling losses. The pistons must make their strokes 
together in such engines, but they may move in the same 
direction, as shown in the figure, or in opposite directions. 

The ideal diagram would be that shown at (a) by the 
lines AbcdCDA. The idealized high-pressure diagram is 
abcda and the idealized low-pressure diagram is ABCDA. 
Ihe exhaust line da of the high-pressure diagram and the 
admission line BC of the low-pressure diagram are pro- 
duced at the same time. Corresponding points on these 
two Unes represent the common pressures assumed by th( 
st.eam not yet exhausted from the high-pressure cylinder 
the steam in the small coimecting passage and the st-ean 
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ly admitted to the latf-pressure cylinder. As the 
tnent of the low-pressure piston opens up volume 
' than the b^h-pressure piston closes up volume, 
olume occupied by the srteam continues to increase as 
3w-pres9ure pistcfti moves out, and its pressure there- 
lecreases. 

he two diagrams are shown back to back at (b) in the 
^ and the horizontal line xX connects corresponding 




s on the exhaust of the high pressure and the admission 
e low pressure. 

ompound engines are also divided into two types 
le basis of cylinder arrangement. When the axes of 
cylinders coincide as shown in Fig. 92 they are called 
5m compounds. When the axes are parallel as shown 
ig. 89, the engines are spoken of as cross-compound 
les. 

L Cylinder Ratios. The idealized diagrams of a com- 
d engine with infinite receiver 
Qe are shown in Fig. 93 by 
and ABODE. The height of 
igh-pressure exhaust line is the 
as that of the low-pressure 
ssion line and represents the 
ler pressure ps. The value of 
eceiver pressure is determined 
le point chosen for cut-off in the low-pressure cylinder. 
I if cut-off in the low-pressure cylinder is made to occur 
jr, as at some point c\ the admission line for this 
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"-inirt-r n ihs; iiif*vf- up to B'C and the receiver pressure 
T..ai- TV* riKTP'rqKHidinijT. The exh^iust pressure in tie 
■ ors-riT^-tWf r^'hiifif!? wduld jJso li^e an equal amount. 

'^HMiunnt: tiw |«fiiiii (C rut-off in the k>w-pressiue cylinder 
fcs* wirtuf^ aiifrttier TMuh. Jk^ ihe receiver pressure rises 

vYiTt. aiT3i o: tiK- iiifrii-preafnm* diitfjam is obviously de- 
rTT»ft«ar^. wnih thai nf tiic low-prpfv^cre diafjam is increased. 
1: :. <iTnntt en^nc the htch of xhe diicTftm becomes smaller 
Uii oariioT tit*' rui-ofi. and ii ^nuld l«e zioied that just the 
rfvcT!* of Tiu^ (Kru^^ in tiie low-pressure cylinder of a com- 
rmuiici <'uiriu<-. 

]i ^-viik-nt that the choifH- iktik- ?«i?ieiver pressure or 
(»• of rut-<)fT in tlie low-pTT?rtsuTf rriiiEsder determines 

::h« r*-4Ative an*as of th(» high-prem^uTf azA low-pressure 
:iiiiCnjt^> it also detenninc^ tin* wJiiuh^ ?ixe of the two 
•in*.tDiAefs. The diagram of Fig. 93 showr- lisii late cut^ 
III nhie low-pressure eyliiid(»r calls for a iari?fir iigh-pressure 

«; slimier than dfx*s early cut-ofT. 

Tfc^ ratio of the piston displacement of iht }ow-pre^ | 

<;>litKier to that of the hiKli-pressure cyimder if called the ] 

cvliiKier ratio. Designating this ratio by B. and udng other 

'^'lubok as in Fig. 93, 

R = ^ (61) 

^he cj^linder ratios chosen for real compound engines 
^^^O-' iweatly in different designs and no given ratio has been 
the best for a given set of conditions. Normal 
^^^v^^*^ gives the average values listed in Table VI, but 
*to<ier ratios as high as 7 have been used with excellent 

T\BLE VI 
Cylinder Ratios for Compound Engines 



^ItAuice) non-condensing. 
^WkX^pp^ condensing 



2J 3i 4 4i 
100 , 120 

.... 100 i r>0 150 
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The cylinder ratio to be used in a given ease may be 
jggt^nrnned by any one of several considerations or by a 
combination of them, the latter being more often the case, 
^ip^mjs it may be deemed desirable to obtain the same amount 
df work from both cylinders; or to obtain equal temperature 
^PkXLges; or to have cut-offs occur at the same fraction of 
>he strokes; or to have the same total load on the two 
pOiston rods during admission; or to obtain, the maximum 
CK>6sible uniformity of turning effort at the crank. The con- 
Aideration of equal work is generally , ^ . 
regarded as the most important. 

75. Indicator Diagrams and Mean 
|.-l^Tessures. The idealized diagrams 
t lor a compound engine with clearance, 

]«rith incomplete expansion in both 

Cylinders, and without compression ^ 

H,re given in Fig. 94. The nominal 

total ratio of expansion would be Ll^Ih^ but the total ratio 

of expansion taking account of clearance is 



Total ratio of expansion = y ^^^—TTT— , . . (62) 




and the cylinder ratio is 



R = ~ (63) 



The mean effective pressures can be found from each 
of the diagrams in the ordinary way and the indicated 
horse-power of each cylinder determined therefrom. The 
indicated horse-power of the engine is then equal to the sum of 
the values obtained for the separate cylinders. 

It is often convenient to refer the mean effective pres- 
sure of all cylinders to the low-pressure cyUnder as though 
this were the only cylinder acting. In the simple form 
of diagram, such as that shown in Fig. 93, it is obvious 
that this could be obtained by measuring the area AbcDEA, 
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dividing by the length AE and multiplying by the scale 
the spring, just as though the diagram were all prodaeew: 
in one cylinder with the piston displacement equal to Fi.B^: 
In the case of the diagrams given in Fig. 94 a similar method k 
could be adopted, or the mean effective pressure of eack m'- 
cylinder could be determined separately and then the» 
equivalent pressure which would give the same result on 
the low-pressure piston could be determined analytically. 1- 

Assume for this purpose that the mean effective pressure 
of the high-pressure is equal to Ph pounds per square inch, 
that the mean effective pressure of the low-pressure cylinder 
is equal to pl and that the cylinder ratio is R, The strokes 
of all cylinders of a multi-expansion engine are generally 
equal, so that the piston areas are in the same ratio as the 
cylinder volumes (piston displacements). In the case of 
a 2x engine, therefore, the area of the low-pressure piston 
is R times as great as that of the high-pressure piston, 
and the pressure required on the low-pressure piston to do 
the same work as that done by pressure pn on the high- j 

pressure piston will be 

H 

In the case of a 2x engine therefore the total M.E.P- 
referred to the low-pressure cylinder is 

Ph = ^+Pl (64) 

This mean effective pressure acting on the low-pressure 
piston only would give the same indicated horse-power as 
is obtained with the two cylinders of the engine. 

In designing compound engines it is customary to 
determine the size of the low-pressure cylinder as though it 
were to do all the work expected of the engine by receiving 
steam at the highest pressure available and exhausting it 
at the lowest. The mean effective pressure which would 
thus be assumed to exist is the referred value pa just ex- 
plained. Having found the size of the low-pressure cylindei 
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the value of the referred M.E.P. the size of the high- 
jsure cylinder can be determined so that the work done 
each cylinder will be just half of the total for which the 
ine is being designed. This size will have to be such 
t the high-pressure mean effective pressure referred to 

low-pressure cylinder (i.e., pn-^R) i« equal to half the 
al mean effecti\e pressure referred to that cylinder, 
at is, the size will have to be so chosen that 

ILLUSTRATIVE PROBLEM 

A double-acting compound engine is capable of developiiijr 
I I.h.p. The stroke is 18 ins.; revolutions per minute, 175; 
gin effective pressure referred to L.P. piston, 45 lbs. per sciuare 
h; cylinder ratio, 3^. Find cylinder diameters. 
From 

I.h.p. =; 



aL.p. 



that 



33,000' 

500X33,000 
"45X1.5X175X2 



785 ins. (approx.), 



h the cylinder ratio equal to 3^, 
700 

aH.p.=^^=200 sq.ins., 
/2OO 

rfH.p. =\/285 " (approx.). 

76. Combined Indicator Diagrams. When a compound 
5ine is indicated, the diagrams of the two cylinders as 
iwn by the indicator are not directly comparable. The 
lies of pressure and volume are different on the two dia- 
ims, and correction must be made for this fact before the 
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diagrams can be compared. It is customary to do this n 
to draw the average high-pressure and low-pressure diagra 
on the same set of coordinates in order to determine ho 
well they approximate the ideal diagram that would 1 
obtafiied in one cylinder operating between the extia 
limits of pressure. 

Diagrams approximating those that would be obtaiw 
from high- and low-pressure cylinders are shown at (I 
and (/) respectively, in Fig. 95, and the result of drawii 



45' -.s 





(0 








Fig. 95. 



both to the same scales is shown at the left of this fig 
The curves Xh and Xi show the variations of quality along 
two expansion curves. 

Drawing the two diagrams to the same scales in 
way is known as combining the diagrams and the resu 
known as a combined diagram. 

The curves SS and S'S' added to the combined dia^ 
are saturation curves. They do' not, in general, for 
continuous curve, because of the different quantitie 
steam contained in the two clearances and because 
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n the high-pressure exhaust is generally removed 
eiver. The volumes occupied by clearance steam 
pressures are indicated by the points 6' and B' 
ly. The lengths h'S and B'R' approximately 
the volumes that would be occupied by cyUnder 
L in each cylinder if dry and saturated, 
ibined diagram for a triple-expansion engine is 

Fig. 96. The heavy Unes give diagrams con- 
;o as to represent 

as possible what 
"cpected to occur in 
lers of such an en- 
ming perfect valve 
1 hyperbolic expan- 
3ompressions. The 
igrams indicate the 
at would be drawn 
tors applied to the 
ders. The numer- 

angles are due to 
ig of events, one 
suddenly starting to draw from a receiver while 
; exhausting. It will be observed that the dotted 

do not contain any of these sharp angles, but 
• general outline forms a fair, average of them, 
urve cd is a rectangular hyperbola drawn as a 
ion of the assumed hyperbolic expansion line of 
pressure cylinder. The failure of the expansion 
he other cylinders to fall upon this curve is ex- 
y quality changes, different quantities of clearance 
the different cylinders and withdrawal of moist- 
steam exhausted to receiver before admission to 
dng cylinder. 




Fig. 96. 
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PROBLEMS 

1. Find the size of the cylinders of a double-acting compouM 
engine, which is to give 600 I.h.p., when using steam at a pressure 
of 150 lbs. per square inch absolute, and having a back pressure 
of 2 lbs. per square inch absolute. The cylinder ratio is to be 4, 
and the total ratio of expansion 12, piston speed 750 ft. per minute, 
and R.P.M. =150; diagram factor is 80%. 

2. Given a 200 H.P. compojand Corliss engine with cut-off 
in the H.P. cyHnder at 60% stroke. Patio of expansion is 7 
clearance is 7%; card factor is 70%; pressure at the H.P. cyl^ 
inder is 1 65 lbs. absolute. Find 

(a) Cylinder ratio; 

(b) Theoretical and actual M.E.P.; 

(c) Determine size of four engines, and select the best one. 

3. Given a compound engine 18X40 ins., having a stroke of 
28 ins. Steam pressure is 165 lbs. per square inch absolute; 
cut-off in H.P. cylinder occurs at 62% stroke; clearance equals 
16%; back pressure equals 5 lbs.; R.P.M. equal 150. Find 

(a) Cylinder ratio; 

(6) Ratio of expansion; 

(c) Actual M.E.P.; 

(d) Lh.p. 



CHAPTER X 



THE D-SLIDE VALVE 

77. Description and Method of Operation. The simple 
D-slide valve, shown in place in Fig. 97, is so named because 
of the similarity of its section to the letter D. It is located 
in the steam chest, rides back and forth upon its seat and 




Fig. 97. 



serves to connect the two ports alternately with steam 
and exhaust spaces respectively in order to give the neces- 
sary distribution of steam. 

The valve has to perform the following functions for 
each end of the cylinder during each revolution of thQ 
engine: 

(1) It connects the proper port to th^ steam space or 

159 
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steam chest at such a time that steam can enter the cylinder] 
as the piston moves away from the head. 

(2) It shuts off this port and thus cuts off the supply 
of steam when the piston has completed a certain definite 
fraction of the stroke. 

(3) It connects the port with the exhaust cavity shortly 
l)efore the piston reaches the end of the stroke, thus effecting 

exhaust or release and 

(4) It shuts off the port again when the piston has com- 
pleted the proper fraction of the next stroke, thus trapping 
in the cylinder the steam which is compressed during 
the remainder of the stroke. 




Fig. 9S. 



It is obvious that the valve must be reciprocated upon 
its seat and that its motion must be connected with that of 
the piston in some way so that the proper phase relation 
may be retained. This could be effected by the system 
shown diagrammatically in Fig. 98, a small crank operating 
on the end of a connecting rod giving the valve its short 
stroke just as the main crank fixes the longer stroke of 
the piston. Such an arrangement would, however, be 
very inconvenient with many real engines, as the valve would 
be located too far from the center line of the cylinder. 

It is customary to use what is known as an eccentric 
for the purpose of operating the slide valve. The parts 
and arrangement of an eccentric, together with an illus- 
tration of the way in which it is mounted on the shaft of 
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an engine are shown in Figs. 99, 100 and 101. The motion 

it gives the valve is exactly the sanie as that imparted 

by the crank first assumed, and it can 

easily be shown that it is the exact 

equivalent of such a crank. 

Assume, for example, a crank such 

as that shown in Fig. 98 with a length 
of arm or throw equal to a. If the 
crank pin is made larger while other 
parts of the crank remain the same, as 
shown in Fig. 102, the crank mech- 
anism is not essentially altered; the mo- 
tion which it would impart to a connecting rod is not 
changed. If this process of enlarging the pin be continued 




Crank 
Shaft 



Fig. 101. — Eccentric 
on Vertical Engine. 




Fig. 102. — Equivalence of Crank and Eccentric. 



until the pin has become large enough to surround the 
shaft and if the crank arm be then removed so that what 
ivas the crank pin is fastened directly on the shaft, an 
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Fig. 103. 



Fig. 104.— Slide Valve without Lap.' 



Live Steam Space 

Exhanitt Cavity Connected 
to Exhauat Pipe 




Fig. 105. 
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eccentric results. It is the exact equivalent of the original 
crank; its center, which is the center of the crank pin, 
revolves about the .center line of the shaft in a circle with 
a radius a jivft as in the original mechanism. 

sible to place a short crank 
•ter shaft without having to 
■ Fig. 103, and it is therefore 




lest possible form of D-slide 
ter edges of the ports when 
vn in Fig. 104. The crank 
'equivalent to the eccentric 
I in a real case) would have 
engine crank in the direction 
•een by consulting Fig. 105, 
ii in various critical positions, 
ich a valve would give full 
ng a rectangular cycle which 
very ineflBicient as a means of 
used in 

Bteara. Space 

^ — V alve Trav el 



Exhaust 
Cavity 



)re the 
of the 
•le port 
d of its 
lechan- 
ilve to 
^ posi- 
1 only occur if 



W 



Piston Travel 



Fig. 106. 



the valve 
ij^. 106, and this would un- 
\\\^ the working end of the 
ihtJitting steam to the other 
wwK' as to oppose the piston's 
uiabKA»-^^^^^^^^^^^^Mxo difficulty lies in making 
the valve longer, s^^u^^Piroii in its central position it 
overlaps the outer edges of the ports as shown in Fig. 107. 
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The amount of overlap of the outer edge is called the ( 
side lap, and when steam is admitted by the outer edges ( 
the valve, as in the case under discussion, it is also calMj 
the steam lap. 

With such an arrangement the valve must be draimj 
out of its central position by the amoamt of the lap wheal 
the piston is at the end of its stroke as shown by a m Fig, ] 




Fig. 107. — Steam and 
Kxhaiist T^ap. 





Fig. 108. — Lap a and Lap 
Angle a. 



108 in order that steam may be admitted just as the 
piston starts to move. It follows that the crank driving 
the valve must he more than 90° ahead of the engine 
crank and that it must be ahead by the angle required 
to move the valvo a distance equal to the outside lap. 
This ant2;le, represented in the figure by a, is called the lap 
angle. 

79. Lead. In real engines it is further desirable to start 
the admission of steam just before the piston arrives at 
the end of its stroke. This assists in bringing the moving 
parts to rest, raises the pressure in the clearance to full 
value before the piston starts, arid gives a wider opening 
through which the steam can flow during the early part of 
the stroke, thus reducing wiredrawing and loss of area at 
the top of the diagram. If the valve is to open before the 
piston reaches the end of its stroke, the crank driving it 
must be shifted still further ahead of the engine crank. 
It must be shifted ahead by an angle which will draw 
the valve through the distance which will give the desired 
opening of valve with the piston at the end of its stroke 
as shown by h in Fig. 109. The angle required, indicated 
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is known as the angle of lead, and the width 
(t-* the steam opening with engine crank on dead center, 
the distance 6, is known as the lead. The lead 
K^suies from less than ^ in. on small engines and with low 
S^<^eds up to over J in. on large engines and with ver>' high 
ipeeds. 

80. Angle of Advance. The eccentric or valve-operating 
srank must be ahead of the engine crank by an angle equal 
to 90°+angle of lap a+angle of lead j8, as can l>e seen 



by an inspection of Fig. 109. The sum of a and is called 
the angle of advance and will be represented by 8. This 
is the number of degrees in excess of 90 by which the eccen- 
tric leads the engine crank. 

Fig. 109 shows that cut-off in an engine fitted with 
a valve having lap and lead must occur when the engine 
crank has turned through an angle equal to 180 — 2a, l)ocause 
the valve will then have returned to the closed position. 
Apparently, cut-off can be made to occur at any point 
in the stroke by properly choosing the value of a, but it 
will be discovered later that the exhaust events set a limit 
to increase in the value of this angle and hence do not per- 
mit of cut-off occurring earlier than a certain fraction of the 
stroke. 

81. Exhaust Lap. Inspection of Fig. 105 will show that 
the simple valve without lap originally assumed will give 
no compression, because the cylinder end is connected to 
the exhaust cavity for the entire stroke. Inspection of all 




Fig. 109. — Lead b and I^ad Alible li. 
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the changes which have been suggested in the sub 
paragraphs will show further that if the inner edges of^ 
valve are left in the original positions the exhaust evi 
will \ye considerably distorted in the case of a valve ha?i 
steam lap and lead. 

This trouble may be remedied by moving the 
edges of the valve closer together, making the ex 
cavity in the valve shorter and giving inside lap as show 
in Fig. 107 by h. When the inner edges of the valve conta 
exhaust, as in the case of the valve under discussion, \ 
inside lap is also called exhaust lap. 

The length of the valve, the lap and the lead are gett-l 
erally chosen so as to give the desired arrangement oil 
admission and cut-off and then the exhaust edges are so | 

located as to give desirable release 
i li^ ■ ir^^ compression. In some forms this necessi- 

tates the use of an exhaust cavity in the 
Vui. 110. valve such as that shown in Fig. 110. 

The amount by which the edges of the 
valve fail to meet the inner edges of the port is spoken of as 
negative inside lap. This dimension is indicated by c in the 
figure. 

It should be noted particularly that all measurements 
of lap are made with the valve central on its seat and 
that the measurement of lead is made with the piston at 
the end of its stroke, i.e., with the engine crank on dead 
center. 

82. The Bilgram Diagram. The action of all slide 
valves could be studied by means of drawings of the actual 
mechanism, as has been done in preceding paragraphs, but 
such a method is time and space consuming. Numerous 
diagrams such as the Elliptical, the Sweet, the Zeuner and 
the Bilgram have been developed for the purpose of simpli- 
fying and expediting such studies and, when properly 
understood, they are very convenient. The scope of this 
boDk does not permit a discussion of all of these diagrams 
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I, since the Bilgram diagram is probably the most gener- 
ic applicable, attention will be confined to it. 

The construction of this diagram is illustrated in Fig. 
I. The point represents the center of the engine 
unk shaft and the two circles drawn about this point 

a. center represent respectively the paths traveled by the 









B 

■^^-vrCimnk Circle 




^- V 


^''""--/-Eccentric Circle 
y 




Fig. 111. 



)in of the valve crank and the pin of the engine crank. 
These circles are drawn to any conven ent scales. 

The diagram is conventionally drawn in such a way 
hat the line OM represents the head end dead center 
position of the crank and in all subsequent paragraphs the 
'elative positions shown by the small sketch in Fig. Ill 
ndll be assumed. The cylinder will be assumed to the 
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left of the shaft nnd thp enp:in[> will he assumed to run 
over," 

With the crank iii pos^ition OM, the eccentric (equivalent 
crank) must be in the position OBj ahead of the crank by 
an angle 9O°+r^+j3-90+^. The valve must then be 
displaced to tbe right of its central position by an amount 
represented by the distance DB, if a small correction for 
** angularity ^' of the valve connecting rod be neglected. 
As rotation continues j hori^.ontal distances corresponding 
to this line will always give the instantaneous valve dis- 
placements. B'or position 0B\ for instance, the valve dis- 
placement will l)e D'B\ 

If the angle 6 is now kid off" above OX, locating the point 
Q as shown, a perpendicular QE dropped upon OA" from this 
pomt will etjual in length tlie Ihie DB, and will therefore 
show the valve displacement when the crank is in head end 
dead center position OM, This must be true, because the 
triangles QOE and BOD are smiilar and have the sides 
OQ and OB equal to the radius of the same circle. 

The perpendicular QE is really a perjiendicular dropped 
upon the extension of tlie Ihie representing the crank posi- 
tion, and it is a general property of this diagram that a line 
starting at Q and perpenthcular to the line representing 
any chosen crank position (or an extension of that line) 
will show by its length the displacement of the valve when 
the crank is in the chosen position. Thus assume tbe engine 
crank to rotate through the angle 7 to the position 0M\ 
The eccentric will have rotated to and tiie valve dis- 
placement will be represented by D*B\ A peri^emlicular 
drawn from Q upon 0X\ the extension of the crank posi- 
tion, gives QE equal to B'D' and hence representing the 
valve displacement to the same scale. 

This construction drawn for different crank positions 
OA. OM, OMy, OM2, etc., is shown in Fig. 112, the dash- 
dot radial lines aliout Q representing the various values of 
e displacement. The number of each of these 
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lines indicates the crank position to which it corresponds. 
It will be seen that the displacement increases in value 
until the crank position OM3 is reached, after which it 
decreases again. 




Fig. 112. 



Since the opening to steam is equal to the displace- 
ment minus the lap, as shown in Fig. 109, the actual amount 
by which the valve is open for any crank position can be 
found by subtracting from the corresponding valve dis- 
placement the amount of lap possessed by the valve. For 
head end dead-center position, the displacement is equal 
to lap plus lead, and is shown by QE in Fig. 112. Subtract- 
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in^ the Wrl EF, the mnainder FQ pves the lap iji the vahe. 
A circle drawn about Q with radius equal to QF (or a circle 
draf^ii alKiUt Q and tangeut to the line L) will eut off of 
the lines' reprei^nting valve displacement the amount 
representing the part <^ each displacement used in OYei' 
running the lap of the valve. The remainders, that is the 
part.s of the lines radiating from Q in Fig. 112 which are 
outside of the lap circle, must then rejwesent the amounts 
by which the valve port is actually open. 

It will be obserN'ed that the valve is open by the amount 
of the lead when the crank is on dead center, position OM, 
The crank position for which the valve displacement is just 
equal to the lap, and hence at which the valve is just begin- 
ning to open, can be found by drawing a tangent through 
to the lower side of the lap circle and then extending 
it to give the crank position OA in Fig. 112. 

As the crank rotates clockwise from this position, the 
valve opens wider until, when position OMs is reached, 
the greatest valve opening exists. Fiui:her rotation results 
in partial closure of the valve and, when the crank has 
finally rotated into position OC, the valve has just closed, 
that is, cut-off has occurred, the displacement being just 
equal to QG, the steam lap. 

Thus this diagram, as so far developed, indicates crank 
positions for admission and cut-off and the values of valve 
displacement and valve openings for all intermediate 
crank positions. 

ILLUSTRATIVE PROBLEM 

A certain valve has an external steam lap equal to IJ ins. 
The lead is A in. and the throw of the eccentric is 2 J ins. (a) Con- 
struc;t such parts of the Bilgram diagram as are necessary to 
indicate ^'head end" crank positions for admission, maximum 
valve opening and cut-off. (b) Indicate on this diagram the 
amount of valve opening at various crank positions between 
admission and cut-off. (c) Determine the value of the angle of 
advance. 
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Draw a circle with radius equal to the eccentric throw, 2J 
ins., using any convenient scale. This circle is designated by abed 
in Fig. 113. Draw about the same center another circle of any 
convenient size. Draw in the horizontal diameter ac and extend 
as shown. On the right-hand side of the circle draw the hne e/, 




circle 



1^ 



Fig. 113. 



parallel to the horizontal axis and a distance above it equal to the 
lead, A in., to the same scale as that chosen for eccentric circle. 
The steam lap circle must have its center Q on the upper right- 
hand quadrant of the eccentric circle, and it must be tangent 
to the line e/. Its radius must equal the steam lap, 1 J in. to scale. 
Therefore, with compass points set the proper distance apart, find 
the center Q, about which a 1 J-in. radius circle will just be tangent 
to the line rf, and draw the steam lap circle. 
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The crank position at admission is found by drawing the liiK 
.40 so that, if extended, it is tangent to the lower side of thf 
steam lap circle. 

The crank position at cut-K^ is found by drawing the lin 




Fig. 114. 



M""0 in such position that it is tangent to the upper pai 
the steam lap circle. 

The crank position for maximum valve opening is founc 
drawing the Une M"0 in such position that a line through 
"will be perpendicular to it. The amount of valve opening at 
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crank p o ati on k ^MMm by the knfrth of the put of this per- 
pendkular fine outside ctf the ^eun bp cirrle. i,e., the dis^Mce 
Og interpreted amwdm^ to the scale chosen for ercentne and 
steaun lap eirdes. 

\ll)en the crank is in positicm A/'O, the len^^ of hi, int<T}>it^ted 
to scale, gives the amount by which the valve is open to steam. 

THien the crank is in position A/'"0, the len|rth ci jk. inter- 
preted to scale, gives the amount by which the valve is open to steani. 

The an^ indicated by i is equal to the angle k4 jui\^ce 
because of the property upon which the constructii>n this 
diagram is based. 

83. Ezfajuist and Com^ressicm. The exhaust eilg^e e>*ont« 
be shown on the Bilgram diagram by a methoii similar 
^ that used for the steam edge event^i. The direi*tioi\ in 
^kwch valve displacements occur are indicated in the upjx^r 
l^^Tt of Fig. 114 in which the crank and eccentric cin*les 
^^ve been drawn to such scales that they coincide. In- 
^t^tion of the small sketch in the lower part of the figure 
^ill show that head end release must occur when the viUve 
^as traveled a distance equal to the inside lap to tlie left 
its central position. A crank position OR drawn tnngtnit 
to the lower part of a circle about Q with radius equal to 
the inside lap will, therefore, be the crank position at 
lease. Clockwise rotation from this position will result 
in a wider opening to exhaust until position 0M\ is reached, 
after which the valve wall beg,in to close. Final closure 
will occur when the crank reaches position OK, the exten- 
sion of which is tangent to the top of the exhaust lap circle. 
At that time the valve will have returned (moving from left 
to right) and will still have to move a distance equal to 
the exhaust lap before attaining a central position. 

ILLUSTRATIVE PROBLEM 

Given the exhaust lap of a D-slide valve equal to \ in.; the 
steam lap \\ ins.; the throw of the eccentric, 2 ins.; and the 
lead i in. Find the angle of advance, the maximum port ojx'ning 
to steam and to exhaust, and the crank positions of cut-off, rclcas 
compression and admission for the head-end of the cylinder. 
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Draw the eccentric (and crank) circle with a radius equal 
to 2 ins., and draw the horizontal diameter as in Fig. 115. 

Draw a horizontal line in the upper right-hand quadrant at a 
distance of i+li ins. above the horizontal diameter. Locate 
the point Q at intersection. 




Fig. 116. 



Draw the steam lap circle with a radius 1} in. and the exhaust 
lap circle with a radius f in. 

The angle of advance is the angle between OQ and the hori- 
zontal. 

The maximum opening to steam is given by the distance 
Oa=f in. The maximum opening to exhaust is given by the 
distance 06 = lf in. 

The crank positions shown are obtained by drawing lines 
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'tangent to the lap circles. A represents admission; cut-off; 
R, release, and Ky beginning of compression. 

The piston positions at the times of these events are given 
to reduced scale by vertical projection. 

84. Diagram for Both Cylinder Ends. The complete 
diagram for the head end cylinder is shown in Fig. 114 with 
all critical crank positions marked. The positions for the 
crank end of the cylinder can be found in a similar way by 
constructing a diagram in which the point Q and the lap 
circles are located in the opposite quadrant. The resulting 




Fig. 116. 



diagram for both cylinder ends, with laps the same for both 
ends of the valve, is given in Fig. 116. 

86. Piston Positions. The valve events might be studied 
entirely in conjunction with crank-pin positions, but it is 
more convenient and customary to consider them in connec- 
tion with piston positions. Piston positions corresponding 
to different crank-pin positions could be found by drawing 
the mechanism to scale for each different position as shown 
in Fig. 117 for piston positions 1 and 2. 

It is obvious that this would involve a great deal of work 
and that, if drawn to large scale, it would consume a great 
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deal of space. Fnrther, it is 
e(m venient to be able to locate 
relative piston poeiticHisonthe 
line which serves as the hoii- 
zontal diameter of the crank 
circle of the Bilgram diagram. 

The method used depends 
upon the fact that the motion 
of the crosshead is exactly the 
same as that of the p'ston, 
so that if the motion of the 
crosshead end of t)ie connect- 
ing rod can be followed, it 
will be equivalent to following 
the motion of the piston itself. 
It should also be noted that 

i;^ the diameter of the crank cir- 
cle must be equal to the 

£ stroke of the engine. 

Assume now, that the point 
6 in Fig. 117 be taken to rep- 
resent the position of the pis- 
ton when it is really in posi- 
tion 1. When the piston has 
moved to position 2, the cross- 
head will have moved from a 
to a' and the crank pin from 
h to 6'. If with rt' as a center 
the connecting rod be iwung 
down to the horizontal its 
right-hand end will arrive at 
the point c. The distance be 
must then represent the dis- 
tance that crosshead (and pis- 
ton^ have moved from dead- 
con tor position because ah and 
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€i'c both represent the length of the connecting rod and c 
must therefore be as far to the right of 6 as a! is to the right 
of a. The point c may therefore be taken to represent 
pistoD position when the connecting rod is in the position 

In general, if the horizontal diameter of the crank 
shaft be taken to represent the stroke of the engine, the pis- 
ton position corresponding to any crank position can be 
found by taking a radius equal to the connecting-rod length 
(to the same scale as the circle) and striking an arc from the 




Fig. 118. 



crank-pin position, using a center on the horizontal line on 
the cylinder side of the crank circle. 

An approximate method is also used for finding the piston 
position. Instead of projecting down from the crank-pin 
position with an arc, such as h'c in Fig. 1 17, a vertical line 
through the crank-pin position is used. Such a Une would 
give c' as the priston position when c is really correct. This 
method would give accurate results with a connecting rod 
of infinite length. For ordinary lengths of rod, however, 
the results are far from correct. The error is said to be due 
to the angularity of the connecting rod. 

The efifect of the angularity of the connecting rod is 
shown in Fig. 118 for different positions. On the outstroke 
the piston is always farther ahead than the rectilinear pro- 
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t., ,li,r,.r.„t crank ", 
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tions can be deterniined. h ^ .^ni-..^ 
to construct the mdic:,^,^ .^^^^^ -^.r-....- 
would be given by an , ..^ 

- dimensions. It L< nertrs^.. ^fi^^W u:r^ i r 
pressure and aUo lo a^r^ ..^^ ^. ..^ 
and conipre-?.<ion ipo-i.:- 
rectangular hyperbolas. 

The method of cor.-,^,,^^ ^ ^'^v.:-, r - 
the Bilgram diagrac^ i 5Vt I - - V:- 

pin positions for ^irrj^^^^-r, t .•—- I*' 
and beginning of .x<^3ri^-.r a t,-, v.--- ; 
pin positions are -^^I'-r-..*^-^: --j. -. r-.-. r.:.^ 
by means of aro^ Ti-r rbr^..- ■ -.k -'.r::!^-- r s* - 

length and nirh 'H^—rr* ;r->::u-.--r: 
left. The iitrr7e:-j:r> : - - : - v- ' 

positions at rie '•:rTr-~i-.r,:;::i5 r—j- '! r 

^ then projr^rr'.i Tr^^^-i^- :i-,»\-vv t.- : ■ - 

Pi^per prfrSriTr in: -.1*^ •ru-: .■ : • -.ii? 

^tersectioLs. 

*^^d and crarJc u** je"^ } n. J ' i * 'i 

^^'ve was %^^zijt^z. -nnr -.r*^ 'k.i:' -wu ' e.- .> 

the e^eir: "ii*^ L^aruit,'": » »• ' ' v • 
f^vTiTr j :r* - t, . ■ ^. • i ■ . •- 

^nd jiisr iTTrir l:l*f *r/-K.* ■ r .:»• -t. ^ .» 

^ other ■tT'rtLV liT* -u*r/.i'*.'-: i: .-.i' h.-.i- i-t i. <,-' , 

be daucnd** •jia, •»r.-.#*rv.r#---r: i - r r 1/ '.r,»,«/: ^.H. i 
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jection would indicate. On the return stroke the piston 
always behind the position indicated by rectilinear projectio 




Fig. 119. 



86. Indicator Diagram from Bilgram Diagram. ^ 

the piston positions corresponding to different crank ] 
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It is possible to equalize " the cut-offs, that is, make 
them occur at the same fraction of the stroke by using! 
unequal steam laps at opposite ends of the valve, but this I 
will result in still further distortion of admissions, as can be j 
seen by constructing a Bilgram diagram for this case. 
Similarly, the compressions can be equalized by the use d ^ 




unequal exhaust laps, but this results in distortion of the 
release events. 

Various linkages have been developed which are so 
arranged that they distort the motion of the valve to just 
the extent necessary to counterbalance the effects of the 
angularity of the connecting rod. The scope of this book 
does not, however, permit a discussion of such valve 
gears. 
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87. Limitations of the D-slide Valve. The simple 

!re discussed in the preceding paragraphs has numerous 
tations and is therefore only used on small and cheap 
ines, or in cases where economy in the use of steam is 
essential. This valve, when used with steam entering 
r the outside edges as previously considered, is pressed 
its seat by the live steam acting over its entire upper 
face. This pressure is practically imbalanced, as the 
ater part of the lower surface of the valve is subjected 
the low pressure of the steam being exhausted. As a 
lit the friction to be overcome in moving the valve is 
y great and there is an appreciable loss from this source. 
Further, the shape of the valve makes necessary the use 
4 long ports which form part of the cylinder clearance 
md which are alternately exposed to live and to exhaust 
team with results previously discussed. These ports can 
le decreased in length by increasing the length of the valve, 
Rit this in turn increases the area exposed to high pressure 
md hence increases the friction loss. 

It can be shown by means of the Bilgram diagram 
liat, if a cut-off earlier than about f stroke is desired, 
Ihe angle of advance, the amount of steam lap and the size 
of the eccentric must all be made very great. This results 
iBot only in large friction losses, but also in very early release 
md compression, because of the great angle of advance. 
As a result, slide valves of the simple D type are seldom used 
then a cutyoff earlier than J to % stroke is desired. It 
diould be remembered in this connection that the simple 
CDgine generally gives its best economy with a cut-off of 
ibout \ stroke. 

The drawing of lines representing the opening of the 
ralve to steaiA as in Fig. 112 will show that this simple 
rahre is further handicapped by the very slow opening 
md closing of the steam ports, causing a great amount of 
rire drawing with a . corresponding loss of diagram area, 
n order to get an adequate opening to steam the valve 
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must also be given a great displacement and, since tim 
occurs under great pressui-e, it result?^ in j^reat friction l<m 
The unbalanced feature can practically be oveiTimie 

by rolling up the viilva 
^st*iim sjwee*^ ^iid ports about an Jixis 

parallel to tho \png\h of 
t he c y] i n der , Tlii^ gi w 
i what is known as a pis- 
ton valve, shown (iiii- 
grammatically in Fis- 
121 

It can also be par- 
tially overcome by uaii| 
a balauce plate or ring of some kind between the top (rf 
the valve and the inside of the t^team-ehcst cover, sc 
an^anged that live steam is excluded from the gieater part 
of the upper surface of the valve. Valves of thi:? tjiie 
are generally called balanced slide valves and are \im\ on 
many high- and medinm*speed engines. 

The valve travel required for obtaining a given opening 



In 
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Via. 1 2 L— Piston Vitlve. 




FifJ, 122.— Allen Double Ported Valve. 

can be decreased and the rate of opening and closing can 
increaBcd by the use of ninlti ported eonstruetions. The^^e 
are .so arranged that two or more ports <jppn or close at tlie 
same time, so that the total movement required for a given 
opening is divided by the number of ports antl the rate of | 
opening and closing is nuiltiplied in the same propoitioiL 
One siniple type of double-ported valve is illnstrat^d in. 
Fig. 122, 

When several portt^ are used the valve often becomes r 
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ectangular frame crossed by a nuinlx^r of bars and is 
>wn as a gridiron valve, because of its appearance. Such 
ves are often combined with balance plates and give 
•y satisfactory results. 

A number of designs of slide valves have lx»en developed 
the purpose of making cut-off independe?^t of the other 
5nts. Many of these use a separate cut-off valve which 
her controls the steam supply to the main valve or else 
es on the main valve and controls cut-off b}-^ covering 
rts in that valve. Devices of the latter iypc are called 
ing cut-off valves. They are either driven by s(»panite 
sentries, or by linkage from the eccentric controlling 
5 main valve, the linkage being so arranged as to give 
5 proper relative motion between main and auxiliary 
Ives. In such designs the main valve is proportioned 
as to give the desired admission, r(»lease and compres- 
n and the cut-off is then taken care of by proper adjust- 
int of the cut-ofif valve. 

88. Reversing Engines. It was shown in one of the early 
Pagraphs of this chapter that the eccentric nmst be set 
^+angle of advance ahead of the crank, ahead meaning 
the direction of rotation. To cause the engine to revolve 
the opposite direction, that is, to reverse " the engine, 
is therefore only necessary to shift the relative positions 
eccentric and crank so that the eccentric leads the crank 

90°+ 5 in the new direction of rotation. This corre- 
onds to shifting ahead (in first direction of rotation) 
rough an angle equal to 180—25 or shifting backward 
rough an angle equal to 180+25, as cim be seen by inspcc- 
m of Fig. 109. 

In practice it is generally more convenient to use two 
jentrics, one set properly for rotation in one direction 
d the other set properly for rotation in the opposite direc- 
n. This arrangement is shown diagrammatically in 
5. 123. This figure is drawn for a vertical engine and in 
3h position that the engine is on crank-end dead center. 
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The point P represents the position of the center of the cranl 
pin; the point / represents the position of the equivalenl 
_ crank (center of eccentric) whicl 

drives the valve for " forward,^ 
ahead or clockwise rotation; and 
the point b represents the position d 
the equivalent crank which drives the 
valve for backing/' " reverse," « 
counter-clockwise rotation. 

The real mechanism, in one of ite 
numerous forms known as the Stephen- 
shown in perspective in Fig. 124. The 
corresponds to / of Fig. 123 and the 




TleTeneor^ 
Weiffht Shah 

tStem 

Onide 
Bnckei 



Link Block 



son Link Gear, is 
forward eccentric 
backing eccentric corresponds 
to b of that figure. The' 
eccentric rods are fastened 
to opposite ends of a curved 
link " and move the valve 
through a " link block 
fastened to the end of the 
valve stem. In the position 
shown in the figure the link 
is in such position that the 
forward eccentric operates 
practically directly on the 
valve stem so that the valve 
motion is practically entirely 
governed by that eccentric. 
If the reverse shaft were to 
be rotated clockwise into the 
backing position, the "sus- 
pension rods would pull 
the link over until the eccen- 
tric rod of the backing eccentric was directly under t 
valve stem. Under such conditions the valve moti 
would be controlled almost entirely by the backi 




Fig. 124. — Stephenson Link Gea 
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«entric and the engine shaft would rotate counter-clock- 
ise. 

If the mechanism were so set that the link block occupied 
I position on the link between the ends of the two eccentric 
cods, the valve motion would be controlled by both eccentrics 
and would be a compromise between the motions given by 
rither eccentric separately. It is characteristic of this gear 
that the cut-off is latest when either one or the other eccentric 
is fully in gear " and that it becomes earlier as the link 
block approaches the center of the link. With the link 
block in the center of the link the valve does not open at 
all, i.e., the cut-off occurs at zero stroke. 

There are numerous other forms of link gears, the best 
known being the Gooch, the Allan and the Porter-Allen. 
There are also numerous reversing mechanisms known as 
radial gears in which the motion of the valve is controlled 
by means of a radius rod " which can be set to give the 
desired valve motion. The valve motion is obtained in- 
directly through the radius rod from an eccentric, from the 
crank, or from the connecting rod. The limits of this 
book do not permit a detailed discussion of these forms. 

89. Valve Setting. From what has preceded it will 
be evident that it is not only necessary that a valve and 
its seat and driving mechanism be correctly designed, but 
ilso that the various parts must be correctly connected up 
n order that the valve may move in its proper phase rela- 
:iion with respect to the piston. 

Adjusting the mechanism in such a way that the proper 
)hase relations are obtained is known as setting the valve. 
This can be done with fair accuracy by a simple study of 
he mechanism in various positions, as will be shown below, 
)ut it is always advisable to check the setting by means of 
udicator diagrams taken after the setting is completed, 
luch diagrams will often show errors of such character or 
ize that they cannot be determined by measurement on 
ji engine which is not operating. 



ti^^iCsim; T^A m iMmL. If lie aoK: ^ TiciH^tr t7 




Fig. 125. 



for I'nxhirK'^?, by turning the fly-wheel, the crank wiD 
th^* piMfofi rrurr'hanisrn and the pLston will be drawn mt 
fKmif ion H\t<fWti in the upfK?r half of the figure when the < 
\itiH Umuul iliroiigh an angle a. On the other hand, 
ef|g^f|^* in ofKfrating under steam, the piston will 
the vrntik pin around and will occupy a position su< 
thai hIiowu in ih(», lower half of the figure when the < 
han been turn(»d through the same angle a, Obvic 
llie pinton can orfeuf)y two very different positions fo 
Harnc^ enuik poniiion, and a valve setting based upoi 
cujnditionn nhown in the upper part of the figure mig 
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incorrect when used under the conditions shown in 
^Ikwer part of the figure. 

fcost motion in any part of the mechanian can produce 
plogous results and it is therefore necessary to remove as 
fsh of it as possible before attempting to set the valve. 
Kis practically impossible to eliminate all lost motion, as 
ne must be suflScient clearance at all bearing surfaces 

acconunodate a film of oil, and this alone would make 
sessary the taking of indicator diagrams for the check- 
I of valve settings, even if it were possible to set perfectly 

measurement for stationary conditions. 

In general, there are two adjastments which can be made 

setting a plain slide valve. The length of the valve 
5m or eccentric rod can be changed and the eccentric 
n be shifted around the shaft. It Ls necessary to under- 
3ind the effects of each of these adjastments. 

Changing the length of the valve stem is er^uivalent to 
lifting the valve upon its seat without 
oving the engine as shown in Fig. 
^6. In this figure the vah'e is shown 
i its central position by full lines. The 
ip is the same at both ends. If, now, Fig. I2t;. 

tie valve is worked to the right ujwn 
:s stem by adjustment of the nuts shown, until it reaches 
he dotted position, the head-end lap will have l>een de- 
reased and the crank-end lap will have l^n increased by 
he same amount. This would make admission earlier and 
ut-ofif later for the head end and admission later and cut- 
flf earlier for the crank end. Obviously, the effects of 
hanging the length of the valve stem are opposite for the 
wo ends of the cylinder. 

Shifting the eccentric about the shaft simply changes 
he time relation between valve motion and piston motion; 
: does not alter the valve motion itself. If difficulty is 
xperienced in realizing the truth of this statement, it is 
•nly necessary to draw several Bilgram diagrams for the 
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' 5iiuiie ^^ettiiiic 6. exct?pt Engine Running I'mler 
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that this method is not very satisfactory for the purpose 
adjusting the eccentric. It is customary, therefore, 
work in such a way as to give a more accurate determina- 
^^ism. of shaft and crank positions for dead center. 

The engine is rotated until the crosshead has been 
brought near one end of its stroke, as shown in Fig. 127, 
and a mark is then scribed across the crosshead and guide 
as at ab. . An arc is then marked on the fly-wheel by 
means of a tram such as that shown, the end c being placed 



at point P on some solid part of foundation or floor. The 
engine is then rotated, clockwise in the figure, until the 
crosshead has reached the end of its stroke and returned 
to such a point that the marks on crosshead and guides 
again coincide, as shown by dotted positions in the figure. 
The arc x'y' is then scribed on the fly-wheel with the tram, 
the end c again bearing on the point P. A point z is then 
found by bisecting the arc ef and when this point is brought 
under point d of the tram the crank will obviously be at 
crank-end dead center and the piston at the crank end 




c 



Fig. 127. 
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(u) Perfect Cards for Slide Valve Type. 




Actual Card; Small Engine. Center Line of Valve on Centf 
Line of Seat; Eccentric Advanced to Give Normal Lea^ ' 
0.05 inch. Engine Running Over. 




(c) Same Setting as (6) except Engine Running Under. 
Fig. 128. 
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Angular Advance of Eccentric Increased. Valve Stem Length 
Same as in (6) and (c). Lead 0.375 Inch. 




Angular Advance of Eccentric Decreased so as to Give Negative 
Lead of 0.5 Inch. Length of Valve Stem Unchanged. 




) Length of Valve Stem Changed; Angle of Advance as in (6). 
Fig. 128. 
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of its stroke. A point on the fly-wheel diametrically oppoate 1 
to « is next found, so that when it is brought under point | 
d of the tram the engine will be on head-end dead center. 

It is probable that more accurate results are obtained 
by rotating the engine in a direction opposite to that in 
which it rotates under steam, because lost motion is then ■ ^ ^ 
taken up in the same direction as when working, but when 
the whole process of valve-setting is considered it is ques- ■> =tf 
tionable whether this is the correct direction of rotation. K 
Opinion and practice differ in this respect. In the end, ■ ^ 
the setting should be checked by the taking of indicator |^^. 
diagrams, so that effects of incorrectible lost motion maybe 
finally eliminated. 

With the dead-center points found the engine is placed 
on, say, head-end dead center, and the eccentric shifted until 
the valve is open to steam by the desired lead. The eccea- 
trie is then fastened in this position and the engine turned 
to the opposite dead center. Because of angularity of coa^ 
nections and of irregularities in valve and seat dimensions^ 
it generally will be discovered that the valve is not no^ 
open to steam by the same amount as at the other en^' 
If it is desired that it should be, the valve can be shifted 
on its stem about half of the distance by which it is oil ^ 
and the eccentric can then be swung about the shaft to tak^ 
up the remaining distance. The effect should then 
checked by putting the engine on the opposite dead center. 

Valves may be set for equal leads as above, or for equal 
cut-offs or for any sort of a compromise desired. In any 
case the procedure is about the same. The length of the 
valve stem is adjusted, then the eccentric position is 
adjusted, and then refinements are effected by small changes 
of both adjustments. Remember always, that changing 
the length of the valve stem changes events at opposite 
cylinder ends in opposite directions, while shifting the 
eccentric changes all events in the same direction. 

The effects of various adjustments are shown by the 
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• diagrams given in Fig. 128. These diagrams were 
om a small, slide-valve engine and serve very well 
the way in which the indicator discloses poor 
3nts. 

PROBLEMS 

ren: angle of advance, 30°; throw of eccentric, 1} 
1, A ill-; maximum exhaust-port opening, IJ in.; find 
1 lap, maximum opening to live steam, and the exhaust 

/en: steam lap of J in.; lead of A m-J exhaust lap of 
id the angle of advance equal to 30°. Find the valve 
=2X throw of eccentric) and maximum port opening to 
1 to exhaust. 

engine has an eccentric throw of If ins.; a steam lap 
and a lead of A iii- Compression begins at J of the 
roke. Assume a connecting rod of infinite length and 
angle of advance, the exhaust lap, and the maximum 
Ings to steam and to exhaust. 

;^en: valve travel, 3 ins.; steam lap, | in.; exhaust lap, 
I lead, } in. ; find maximum port opening, angle of advance, 
tt positions at cut-off, release, compression, and admission 
ends of cyhnder, with the length of the connecting rod 
1} times the length of the crank. 

s required to build an engine having a steam-port opening 
. lead of A ^^-y aiid a connecting rod four times the length 
ink. Cut-off must occur at f stroke and release at 95% 
oke. Find the inside and outside lap, the throw of the 
and the fraction of stroke completed by the beginning 
^on, 
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Fig. 129. 



90. The Trip-cut-oflE Corliss Engine. The sUde valve 
has certain limitations which can be partly, but never 
wholly, overcome. In most sUde-valve gears, for instance, 
the various events occur more slowly than is desirable, 

and this is particularly 
true of cut-oflf. Ideal 
valves would open sud- 
denly to full openiag 
when necessary au^i 
would close as suddenly 
at the proper time, aud 
such action would gi^^ 
minimum throttling loss 
and rounding of comers 
of the diagram. Engia^s 
fitted with such ideal valves would therefore give indicator 
diagrams with maximum work area as shown by the 
dotted lines in Fig. 129, the full lines indicating the type 
of diagram obtained with the ordinary slide valve. 

Again, the simpler forms of slide valve involve the use 
of long ports connecting with the clearance space within 
the cylinder, thus adding greatly to the clearance surface 
exposed and to the cylinder condensation. These ports 
serve for both admission and exhaust, and their walls are 
therefore periodically cooled by the exhaust steam with the 
result that excessive condensation occurs during admission. 

Many attempts have been made to devise valve gears 
which should not be subject to the limitations of the 
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simple slide valve. Some of these have resulted in the 
development of the more tjomplicated slide valves de- 
scribed in the last chapter, but such designs generally leave 
much to be desired. One of the earliest and most success- 
ful solutions was made by Corliss, who developed what is 
known as the trip-cut-off Corliss gear. 

The long combined steam and exhaust ports are elimi- 
nated by the use of four valves, two for steam and two for 
exhaust. These are rocking valves and are located top and 
bottom, at the extreme ends of the cylinder, with their 
longitudinal axes perpendicular to those of the cylinder, 
as shown in Figs. 50, 51 and 52. The exhaust valves are 
located below so as to drain out water of condensation. 
^ Details of valves of this type are shown in Fig. 130. 

These valves may each be regarded as an elementary 
slide valve which has a cylindrical instead of a flat face, 
and which is oscillated about a center near the face instead 
of being reciprocated, i.e., oscillated about a center at an 
infinite distance. 

•The valves are operated as shown in Fig. 131 by short 
links from a wrist-plate pivoted on the side of the cylinder 
and rocked back and forth about its center by means of an 
eccentric operating through the linkage indicated. The 
locations of the various pins and the lengths of the various 
links are so chosen that the valves travel at high velocity 
when opening and closing, that they open very wide, and 
that they close only far enough to prevent leakage and then 
remain practically stationary until about to open again. 
Throttling losses are thus decreased and wear caused by 
useless motion aftier closure is miniixiized. 

The opening of the admission valves in this gear is 
effected positively by the linkage already explained, but 
they are closed differently. For opening, the steam link 
rotates the bell crank B in Fig. 132 and thus raises the 
latch C. The hook on the end of one of the arms of this 
latch engages the steam arm which is fastened on the end 
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of a rod which is slotted into the end of the valve. ThcEiil 
valve is thus drawn further open as the wrist plate revolves, mve 
until the tripping end D of the latch strikes the cam indicated Irair 
by E, This throws the hook out of engagement and thus ll*t < 
disconnects the valve from the driving mechanism. The l-^ti] 




Fig. 132.— Details of Corliss Trip-Cut-off Gear. 



valve is closed by the action of a dash pot, one form of whicl^ 
is shown in Fig. 131. As the steam arm rises during tb® 
opening of the valve it draws up the plunger or piston of tb^ 
dash pot, leaving a partial vacuum beneath.it, and, when tl^^ 





20'x 48'Heavy Duty Corliss 
110 Lb. Steam / 
\^ 60R.F.M. 







Fig. 133. 



valve is released by unhooking of the latch, atmospheric 
pressure drives the plunger down and thus causes cut-off 
to occur. The action of a dash pot is found to be unsatis- 
factory when the speed of the engine exceeds about 125 
R.P.M. and most Corliss engines with trip-cut-off operate 
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at still lower speeds. Under such circumstances the cut- 
off is very rapid as compared with the piston speed, and the 
diagram shows a comparatively sharp corner at this point. 
A set of diagrams obtained from a large Corliss engine 
operating at 80 R.P.M. is given in Fig. 133, and it is obvious 
that little throttling occurs. 

Because of the low speed at which these engines operate 
the stroke can be made long with respect to the diameter 
without attaining a prohibitive piston speed. The economy 
mentioned in Chapter VII as resulting from the use of long 
strokes can thus be obtained in these engines. An idea 
of the saving in steam effected by the partial elimination 
I of throttling and condensation losses by means of the 
i Corliss gear can be obtained from the curves in Fig. 134 
f (a) and (6), which give average performances. 
\ The position of the cam which determines the time 
: at which cut-off occurs is controlled by the governor of 
the engine. When moved in the direction taken by the 
steam arm it causes cutnoff to occur later. Variation of 
the point of cut-off is used in these and in most other engines 
to control the amount of work done per cycle in order that 
the engine may make available the quantity demanded at 
the shaft, as will be explained in a later chapter. It is there- 
fore desirable that the range of cut-off should be as great 
^ possible, but it has been found very difficult to design 
tnp-cut-off gears which will give a cut-off later than about 
^•4 stroke if steam and exhaust valves are operated from the 
same eccentric. Later cut-off causes poor timing of the 
exhaust events. 

This has led to the introduction of Corliss engines 
with two eccentrics and two wrist plates per cylinder. 
One set operates the steam valves and the other the exhaust 
valves. With this arrangement the range of cut-off is 
unlimited. 

91. Non-detaching Corliss Gears. Because of the low 
speed at which trip-cut-off Corliss engines are operated,, 
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•:jr -. i.:- i#^:'e^-triy ibnp. ii'sirr?' an*l costly and efforti 
. - -•r^-.L i-jij- ■ a*?*ma wfaich shall possess the 

ii.ij-'i^-^ 'If riciniL C'«jrjir6 mechanism without 

r.-ij.y -^i* (riirir ^-ilxe* are retained and are 

ii* :ir: Tii> ic "viiu ier as just described or in 




I n., Noii-(K;(iU'hing Corliss Vulves Located in Cylinder Hea( 

ilir » \ liiiiUM- heads as shown in Fie;. 135. In some the w! 
pl.ite Miul the comuvtiuji links are also ivtaiueil, but 
oihers thev are eliiniuateil. In all eiiiriues of this ty^ie 
».huissit»n \;»l\es are elosed |H>sitively. the elosun* Ix: 
nlei ted l»\ (he ^aine linkaiji^ that o{vu< the valves to ad 
leam. i>iiii k aetiou is v>btaitu\l by the ariansrement 
;he oiH'raiini.'. meehaiUMus. tlie centers of rot a: ion and 
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ration lait "euros' ^ jumt^?" j*- :p?w^ it- Tmr o: 
lias ceiz? k?^ imerMi*^ ir -fiitfw- raiisia^rsiiJT^ msat?" 
" be diL3aEC "imi. iii?*diim?-5»t^ -ruEiHt*^ 

the oF^aisssy 'si—nn-rf jkht hhl t« ntiier- wnici inl 
lescribeid iiEver. ir it ws; «»: ^am* (nn^ o^senifftiOL 
^ term mam^^gsta^aa^ Crnhm ^!>*eiiir ti 

rribe tfaem loffi igigiin^arirr ganinir n- iar^o: 

-cut-off medbacmstL anc "dio* i»irLtim**c TmiL sbdf--vfi}T=f 
ines with tiie fgmjtter 5tm>f a: xiirr*^. TTifiry-T -iif itif** 
pis vefy cloae^ aprircKimfii-e tiit T^annnan^^eT^ cc tjk 
-cut-off Coffct esnciiie. 

^ Poppet Yirives. Ari«rdi?L hb*^ bmh-zy tiesen 
be fact that tiie use cc rnfriy sriperiiefiT^Ni f^rejan is 
' effective in ieasemiiE -er^^ ^lirrdiifiiTiair iniiial cwfi- 
ation. Eipeiiencie has ^iowii liifii larce vahvs 
es with sliding surface* such as slide Tahre? and Ci^i>^ 
es do not wc^ weD wiib bi^lv superbeatcd $t^\u^^. 
large castings warp so that contact surfaci^:^ nof 
lin true and the lack of moisture which acts 5ii\^| 
saturated steam leads to excessiw k^aJvH|i^\ Hif* 
ty has also been experienced with the lubrio^'M io^^ wt 
3 sliding tj-pes of valves when using highl^v s\i)H'HuviittH| 
n. 
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An old fonn of 
valve known as the 
P<>ppet valve has re- 
cently been adopted 
by some builders as 
a solution of the 
difficulties met in 
the use of highly 
superheated steam. 
This fonn of valve in 
four-valve arrange- 
ment, combined with 
designsinwhichshort 
ports and symmet- 
rical cylinder cast- 
ings are used, yields 
very economical en- 
gines which can be 
safely used with a 
degree of superheat 



t^e case of the'slid- 
ing and oscillating 
forms of valves. 




JSeft.-Oross^ection, Lentz 
Engine. 



ywn in FiesL IM c joll :Pllf> 7 iai£ ^msdi$' /c ^air 

g- 137 « jmMl . Jhit Tj^in^ je«f ^ i*itrSiMtt«»i 
oubie-porled «■ H4«iiikM«fc3t _ -aiK liify «aa 45 ivca; 
ds and are mK&e %w?itio«r t^iwi lii^ fawittt wtK^ K^ii 
>uiid the cmtaAp kx ibt xni licvnui li? x:»2w 

shown by the airow^ is 157 ?■ , "Ra? !iv^?5cihi? 
•ge area for passaee <>c ^Maon ssmI il ^qfOKk <<;NiuaD^ mi 



►sing, as in the case of gridiron valves, with small actual 
)vement of the valve. 

The valves are opened positively by oocontricH ojx^ra- 
Lg through cams and rollers as sliown in Fig. VM\ (b) aud 
3y are closed by springs as rapidly as the return inolicm 

the cam permits. The eccentrics are inoinitetl on it 
rizontal lay shaft which is located to nm huU^ of thn 
gine, with its axis parallel to that of tlu^ lat-t^^r, and whirh 
driven by bevel gears from the crank Hhaft of oiigiiin. 

Since this valve arrangement givcm Hhori Himiti and 
haust poits, permits the use of HUiall (tlnaraiMut, and 
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}. 137a.— Admission Valve and Operating 
Mechanism, Lentz Engine. 
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. '^ lilt, 1.'." ' f.'i ■ hi ^ i.*' f-yAiAf'T. f-xhaustiiig it at the 
" i.iM of I' f.^'il, i,i ih<- '-vlin'I'T. aijd f-oinprerr^ing the stean^ 
' jijj/hi Ml * U :\\u\\rt; up tr; ;i vjiluo approximating initial 
pi' ■■liK^ iliu- \\i:\\\\\st walls. The heating 

t,\ ilii- rlf.'MMnri- vv;«ll*, i-. fiirUHT cfTcftcd by partly jacket- 
iti|/ I In- Ih ;i»1 vvii h \\\'(' .-N'jiiii on its way to the admission 
'.'ill '. I- Mill I I In- j.'irki'l. is sometimes extended along the 
I Nliiiili'i lo IIm- poitil /il vvliieli ent-olT nonnally occurs. 

< hir Intiii of ihis <Mip;iiie is shown in Figs. 138 and 139. 
I In- li'iiin nileiM the cylinder head from below, passes 
up III II duubie MeMle<l )M)p|M*( valve, flows into the cylinder 
eul oil" iMM'iirs and IImmi (»xpands until the piston 
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^ Uncovers the exhaust ports. The steam is exhausted 
Until the returning piston again covers these ports, after 
* which the material trapped within the cylinder is compressed 
" as indicated in the diagrams. The ideal sought is to main- 
tain each part of the wall approximately at the tempera- 
ture which the expanding steam will have when reaching 
it and thus to minimize thermal interchanges and loss. 




Fig. 138. — Section of Una-flow Engine Cylinder. 



Tests of these engines show that very great ratios 
of expansion can be used in a single cylinder without the 
excessive losses customary when such ratios are attempted 
in the ordinary counter-flow type. It is thus possible to 
obtain good economy with one una-flow cylinder expanding 
from a high pressure to a vacuum; conditions which would 
involve the use of compounding with ordinary construc- 
tion. 
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The results of iesiM on one of the first Una-flow engines 
built in this country are shown in Fig. 134 (a) and (6). h 
comparing with the curves it should be uot-ed that two of 
the tests were run with high superheat. 

M. The Locomobile Type. In the effort to impmYf 
the econiony of small steam plants the Cennans developed 
a form of plant now known as the Locomobile Type. Tlif 




name came from the fact that these plants, as originally 
made, were mounted on wheels and intended for portahle 
use by agriculturists and contractors. Their economy in 
the use of fuel proved so great that they have since been 
built for stationary use in sizes running well toward lOOt) 
horse-power per unit. 

A locomobile of American construction known as the 
Buckeye-mobile is illustrated in Fig, 140^ which shows a 
longitudinal section of the plant. The tandem compound 
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engine is mounted on top of an internally fired boiler with 
the engine cylinders located in the flues which lead the 
products of combustion away from the boiler. 

The steam generated in the boiler is passed through 
a superheater suspended in the smoke box. The flow of 
steam is from the rear toward the front of this superheater 
(counter flow) so that the hottest steam comes in contact 
with the hottest gas. The steam then passes through a 
pipe contained within the flue to the kigh-pressure cylinder, 
which is jacketed by the hot flue gases and in which the 
loss of heat to metal is thus minimized. From the high- 
pressure cylinder the steam passes to a receiver contained 
in the smoke box, the receiver serving as a reheater to 
evaporate any condensate exhausted from the first cylinder 
and to superheat the steam admitted to the low-pressure 
cylinder. From the low-pressure cylinder, the steam 
passes through a feed-water heater in which it raises the tem- 
perature of the boiler feed and then it passes to atmosphere 
or to a condenser. Boiler-feed pump and condenser pump, 
if used, are also integral parts of the plant, being driven 
directly from the main engine. 

It will be observed that every precaution is taken to 
guard against initial condensation, and to minimize loss 
of heat in flue gases and in exhaust steam leaving the 
plant. The high economies achieved are due to such 
facts alone. 

Small plants of this type have given an indicated horse- 
power hour on a little over one pound of coal when oper- 
ated condensing, whereas the best large compound recipe 
rocating engine plants seldom do better than about 1.75 
lbs. of coal per I.h.p. and often use 2 or more pounds when- 
operated condensing, 
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regulation' 

§6. Smds o{ Regulation. There are two distinctively 
differenti kinds- oi regvilatron referred to in connection 
with reciprocating steam engines, one of which may be 
called fly-wheel-regulation and the other governor-regula- 
tion or governing. 

The regulating effect of the fly-wheel has already been 
referred to. The turning effort exerted at the crank pin 
by the action of steam on the piston or pistons of an engine 
is not constant, and the angular velocity of the engine shaft 
is therefore constantly varying during each revolution. 
It is the function of the fly-wheel to damp these variations 
so that they do not exceed the allowable- maximum for 
any given set of operating conditions. The efficiency of 
the fly-wheel in this respect is measured by the coefficient 
of fly-wheel regulation 6w which is defined by the equation 

F —V. 

6* max » niln /nn\ 
W = y ^ ..... (66) 

in which 

Vmax = niaximum velocity attained by a point on 

fly-wheel rim or other revolving part; 
Fmin = minimum velocity of the same point, and 
F = mean velocity of the same point 

I^max ~f" I^tiln • • i 

= ^ approxunately. 

Governor-regulation is absolutely different. Its function 
is to proportion the power made available to the instan- 
taneous demand. The fly-wheel takes care of variations 
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occurring during the progress of one cycle, while goveia» 
regulation varies the work value of successive cycles. m'^ 

96. Governor Regulation. If the effect of enpHVi 
friction be neglected, the power delivered at the shaft dv^^ 
the engine will vary directly with the indicated horwi^ 
power. Such an assumption is accurate enough for tw: 
discussion which follows. B 

The indicated horse-power of a given engine is dettf-1- 
mined entirely by the value of the mean effective pressuiews 
and the number of cycles produced in a given time, sinfle li 
these are the only variables in the formula for indicated fc 
horse-power. The power made available by an engine li* 
might therefore be varied by varying the mean effective li 




Fig. 141.— Throttling Fig. 142.— Cut-off 

Governing. Governing. 



pressure, or by varying the number of cycles produced in | 
a given time, or by a combination of both processes. 

All of these possibilities are used. In ordinary station- 
ary power plants the mean effective pressure is generally 
varied. In the case of pumping engines, working against 
a constant head, but required to deliver different quantities 
of water at different times, the number of cycles per minute 
is generally altered by changing the speed at which the 
engine operates. In locomotive and hoisting practice 
both the number of cycles per minute (speed) and the 
mean effective pressure are varied as required to meet 
the instantaneous demands. 

These variations may be effected manually as by the 
driver of a locomotive, in which case the engine may be 
said to be manually governed. Or, they may be brought 
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t mechanically, as in the case of most stationary power- 
b engines, in which case the engine may be said to be 
lanically governed. In some instances a combination 
anual and mechanical governing is used. 
17. Methods of Varying Mean Effective Pressure. The 
a effective pressure increases and decreases with the 

of an indicator diagram of constant length, so that 
mean effective pressure can be changed by any method 
}h will change the area of the diagram. Two methods 
in use and they are illustrated in Figs. 141 and 142. 

first causes a variation in area by changing the value 
he initial pressure. This is generally done by chang- 
the opening of a valve in the steam line just outside of 
steam chest. It is called throttling governing, and the 
e is called a throttling or throttle valve. The latter 
le is also commonly used for the valve located near the 
ne, which is used to shut off the supply of steam entirely 
n the engine is not in operation. 

The second method, illustrated in Fig. 142, is known 
:ut-off governing. The variation of cut-off determines 
amount of steam admitted to the cylinder per cycle 
is used to measure out the quantity required for the load 
2h happens to exist at any instant. Cut-off governing 
5ed on most modern stationary engines and is exclusively 
I in large reciprocating engine power plants. 
)8. Constant Speed Governing. Most engines used for 
I purposes as the operation of mills and the driving of 
brical and centrifugal machinery are required to run 
ractically constant speed irrespective of the load. They 
furnished with mechanical governors which so regulate 
power made available that there shall never be any 
reciable excess or deficiency which would respectively 
le an increase or a decrease in speed. 
These mechanical devices always contain some sort 
ichometer which moves whenever the speed of the engine 
eds or falls below the proper value. The tachometer 
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is so connected to the valve gear that it decreases 
power-making ability of the engine whenever the 
starts to increase and it increases the power-making i 
if the speed drops. 

Since the valve gear must have a different positi 
for each load in order that it may throttle or cut < 
necessary to suit that load, it follows that the tachon 
which controls the position of the valve gear must 
have different positions for different loads. But tach 
eters assume positions dependent on speed, and therefoi 
different loads can only be obtained if the tachometer t 
the engine to which it is connected operate at diffe 
speeds for different loads. 

Constant-speed governing is therefore an ano 
The device which is supposed to maintain constant speed j 
irrespective of load must be operated at different speeds, 
as the load varies, in order that it may maintain the valve 
gear in the different positions required to- handle the differ- 
ent loads. All so-called constant-speed engines have their 
highest speed when carrying no load, and the speed gradually 
decreases to a minimum as the load increases to a maxi- 
mum. The total variation is generally between 2 and 4%. 

The efficiency of a governor in this respect is measured 
by means of the coefficient of governor regulation, h 
which is defined by the equation 

(67) 

n 

in which 

n2 = highest rotative speed attained by the engine; 
ni = lowest rotative speed attained by the engine, and 
n = mean speed 
_n2+ni jj^ppj-Qximately. 

99. Governors. The mechanical devices which are 
used for controlling the power-making ability of an engine 
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described above are known as governors. There are 
ny varieties and only a few of the more prominent can 
described. 

(a) The Pendulum Governor. One of the earliest forms 
governor used on steam engines is illustrated in Fig. 

3. It is often called a 

-ball governor. This 

vemor is driven by 

aring, chain or belt 

Mn the engine, and the 

sights assume some 

^finite position for 

xjh different speed, thus 

•awing the collar to 

fierent positions. The 

alve gear is connected 

> this collar and is 

lOved correspondingly. 

A similar governor 
shown in Fig. 131, fig. 143. 

hich also indicates the 

ay in which the collar is connected to the valve gear in 
e Corliss type of engine. The governor rods are moved 
the collar moves and they in turn alter the position 
the knock-off cam, and thus vary the time at which 
t-off occurs. As the speed increases due to a decrease 
load, the governor weights and collar move up, and this 
ifts the cams so as to produce earlier cut-off and decrease 
wer-making ability. 

(b) Shaft Governors. On medium- and high-speed 
gines fitted with some form of slide valve it is found best 
use what are known as shaft governors. They are gen- 
lUy carried within the fly-wheel of the engine, operate in 
3lane passing through the rim of the wheel at right angles 
the shaft, and operate upon the eccentric in such a way 
to vary the cut-off with speed (and load) changes. 





-r> lii^SnHK. ST MET 

>. ^r^^ ^z"-**: am h wfH fci^ «« tb» TJas- reiEicr 
*ni v*^. -r. *r>r af^ % fird^ aixjot P. ^ the wciit? nwwAl 
If tr>r patr. fA*'z^. *:*^«niTrk fcntcr dnvm <m m Bilgraffll 
fijuzr^.tt, ff/*ii:iid that thk moom k «|ainJeiit to | 

ar,^.': ^'i'. -ir.'-*:. r«r^ iitiM in fMlkr TOtHifi as the 
rri'yv^ o with '\iif'T^4iiZ speed and decreaang 
i^/vi. ^r.h^r 'rv^r.r- wiil aLrO F>e chanjsed as tbe eccentric 
"mufi.', and :r^>fn<r of the->^ changes are occaaooally unde- 
-iraM^:. 

Nijffi'rrou." de«UrrL« have been developed in which the 
f'Ci'A'jtiru: i« .v^ guidf^l a?i to produce various sort*: of rela- 
tion.H \tt^vi*v('M the different .steam and exhaust events. 
All i'iiu divided into two classes, those in which the 
iU'VA'jiiru: Hwirifp^ aU>ut a fixed center variously located, and 
iU<pf^*> in which the center of the eccentric is guided to 
niov<f in a Htrai><ht line. All can be studied by plotting 
iht* fwiUi of iUit ecccjntric center (path of Q) on the Bilgram 

The Ritei Inertia Governor i8 a form of shaft governor 
NO dcHi^niul an to act very quickly with change of speed, 
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?to be very powerful, so that it can shift heavy parts, 
fediown in place in the wheel in Fig. 145. With changes in 
jl it acts like a governor of the type just descrilx^d, 
Mging (with increasing speed) about a fixed point P in 
wheel as its center of gravity G moves outward under 
action of the centrifugal effect C and against the 
bn of the spring. This motion shifts the center of the 



i 




Vui. 145. 



eccentric from E toward e, giving the desired variation in 
cut-off. 

Superposed upon this action is that of inertia. Assume 
the wheel and governor to be rotating clockwise at a given 
constant speed. If the engine speed is suddenly increased, 
the wheel will move faster, but the governor bar will tend 
to continue rotating at the same speed because of its inertia. 
It will thus lag behind the wheel, rotating about P and bring- 
ing about an earlier cut-off. The position thus assumed 
will later be maintained by centrifugal effect if the new speed 
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is maintained. The particular advantage resu 
using inertia in this way is speed of action. In n 
of governor the inertia of the moving parts acta 
the efforts of the governor to assume the ne^ 
required by changed load and speed. 
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THE STEAM TURBINE 

100. The Impulse Turbine. One of the oldest of "modern 
water wheels is the tangential or impulse wheel shown 
diagrammatically in Fig. 146. Water flowing from a 
reservoir above the wheel passes through a nozzle and the 




Fig. 146. — Tangential or Impulse Wheel. 



jet, moving at high velocity, strikes buckets on the rim 
of the wheel and causes the latter to revolve. Theoretically 
the velocity of the water in the jet would be 

V = V2gh feet per second, .... (68) 

in which 

gf = gravitational constant, 32.2, and 
h = head in feet as shown in the figure. 

The kinetic energy possessed by the moving water would 
be 



K 



w 
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(69) 
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in which w represents pounds of water discharged per second 
and g and v have the same meanings as above. 

If the buckets of the wheel could reduce the velocity 
of the water to zero they would absorb all of this kinetic 
energy and (assuming no losses within the buckets and the 
bearings of the wheel) would make all of it available at 
the shaft for the doing of useful work. 

Any fluid moving at velocity r and striking buckets in 
the form of a jet would possess kinetic energy in quantity 
given by Eq. (69) and would drive the wheel in the same 
way. Steam might therefore be used instead of water 
with exactly the same results, and steam is so used in what 
are known as impulse steam turbines. 

Experience shows that steam will flow at high velocity 

from any opening made in the 
steam space of a boiler or 
from any open-ended pipe con- 
nected to such a boiler. This 
is commonly said to be due 

1^^-^ ^ ^ ^ to the high pressure within 

JWs^^swss^^^ssssvs^ thc boilcr, the spectator pic- 

turing the process as the 
driving out of part of the 
steam by the high-pressure steam within the boiler, just as 
though the part leaving were a solid piston and were driven 
out as is the piston of an engine during 
admission, as shown in Fig. 147. 

An hydraulic analogy is given in Fig. 
148. The vessel shown is supposed to be 
fitted with a piston, and it is assumed to be possible to exert 
any desired pressure upon the piston. Any such pressure 
exerted is the exact equivalent of some given head of water 
and the resultant jet velocity would be given by Eq. (68) 
by substituting for h the head in feet equivalent to the 
pressure exerted upon the piston. 

When an elastic fluid such as steam is being con- 



Fig. 147. 



Fig. 148. 
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sidered it is, however, necessary to take account of other 
factors. The steam within the boiler exists at a high 
pressure; after issuing it exists in the atmosphere at a lower 
pressure. But low-pressure steam contains less heat than 
does steam at high pressure, and this difference must exist 
in some form, as it is energy and could not possibly have been 
destroyed during the flow. 

Experiment shows that steam after flowing into the 
atmosphere from a boiler in this way has exactly the same 
characteristics as though it had expanded adiabatically 
behind a piston through the same temperature range, ex- 
cepting for the fact that it has a very high velocity, which 
it would not possess if expanded behind a piston. Experi- 
ment further shows that, if small losses be neglected, the 
kinetic energy possessed by a jet of steam is exactly equal 
to the energy which would be turned into work if that steam 
acted on a piston as in an ordinary engine. 

A complete picture of the process of flow can then 
be made by assuming the steam flowing out in the form of 
a piston driven by high-pressure steam, as before, and adding 
to this the idea that this piston expands adiabatically as 
it travels from the region of high to that of low pressure. 
This expansion liberates heat contained within the piston 
or plug of steam and this heat is used in imparting addi- 
tional velocity to the moving steam which is giving up this 
heat. 

The result of using such a jet upon a theoretically 
perfect tangential or impulse wheel would be to rob the 
jet of all this energy. But the energy possessed per pound 
of steam in the jet is just the same as that shown under the 
upper lines of a complete expansion cycle using one pound 
of steam. The area under the upper horizontal line of the 
PF-diagram of the cycle as shown in Fig. 21 may be assumed 
to represent the work done upon one pound of steam (flow- 
ing out) by another pound which is being evaporated and 
pushing out the first in order to make room for itself. The 
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area under the expansion curve in the PF-diagram rep 
scnts the energy converted into velocity energy by the ad 
batic expansion of the flowing steam. The lower h( 
zontal line represents the negative work during conden 
tion to water at the lowest pressure and temperature, a 
the left-hand line represents the pumping of this water h 
into the boiler and the raising of its temperature to the va 




Fig. 149. — Early Form of Impulse Turbine. 



maintained within the boiler. The complete expansion < 
is therefore the cycle upon which the impulse steam tui 
operates and, as a matter of fact, it is the theoretical 
of all steam turbines. 

The ideal impulse turbine would therefore be £ 
upon by a jet which possessed available kinetic en 
represented by fche area of the complete expansion c 
If the buckets could entirely remove this energy, th£ 
could reduce the velocity of the jet to zero, the same am 
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of energy could theoretically be made available at the shaft 

■ of the turbine. 

An example of a simple form of impulse steam turbine 
is given in Fig. 149, in which the essential parts of an early 
form of Kerr turbine are shown. The wheel, the diaphragm 
and nozzles are all inclosed within a casing. The space 
on one side of the diaphragm is connected to the steam pipe 
and that on the other is in communication with the space 
into which the exhaust steam is to be exhausted. 

Another form of impulse turbine is shown in Fig. 157. 

It will be described later. 

101. Theoretical Cycle of Steam Turbine. It was shown 
"the preceding section that the steam turbine operates 
the complete expansion cycle. If a turbine could remove 

f^^Xn the steam passing through it and convert into mechan- 

le^j form all of the energy which is theoretically possible, 
would therefore make available mechanical energy 

^^presented by the area of the PF-diagram of the complete 

^^pansion cycle. The area of the corresponding r</)- 
iiagram would show the 
^ame quantity measured in 
thermal units. The theory 
of the steam turbine can 
therefore be studied by 
means of these two dia- 
grams. 

In Fig. 150 is shown the 
r</>-diagram of the complete 
expansion cycle for several 
different conditions. The 
figure abed represents con- 
ditions when the steam is 
dry and saturated at the beginning of the adiabatic ex- 
pansion cd. Constant quality lines are designated by x 
and x'. It is obvious that by the time the steam has 
expanded down to the pressure at d it will have a quality 
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less than unity. If, therefore, it be in the form of a jet 
issuing from a nozzle and having a high velocity by virtue 
of its adiabatic expansion, the jet will really be a mixture 
of steam and water. 

If the steam be superheated at constant pressure as shown 
by ce before passing through the nozzle, it is evident from the 
figure that the jet issuing from the nozzle will contain 
less water than in the preceding case, because the condition 
of the material in the jet after adiabatic expansion will be 
as shown at / instead of as shown at d. The cycle in such 
a case would also be larger by an amount indicated by the 
area cefd^ representing just that much more heat converted 
into mechanical energy per pound of steam or other unit 
for which the diagram happened to be drawn. I 

If superheating had been carried to the point indicated 1 
by g before expansion, the jet would obviously issue from | 
a nozzle in the form of superheated steam as shown by the 
point h in the figure. In that case the cycle would be 
abcgha^ and superheat would have to be removed from the 
low-pressure steam to bring it to the conditions indicated 
at i before condensation could V)egin. 

If desired, the PF-diagrams for such cycles can be drawn 
very easily. The line 6c, or he or hg is a horizontal line in 
the PF-diagram. The line ha is similarly horizontal and the 
line ab is vertical. The adiabatic expansion is represented 
by a curved line in the PF-diagrams, but can be drawn 
easily because the necessary data are obtainable from the 
T</)-diagram, in which this expansion is represented by ^ 
straight line. 

ILLUSTRATIVE PROBLEM 

Draw the PF-diagram for a steam turbine receiving one pound 
of steam at a pressure of 200 lbs. absolute, with a tempera- 
ture of 500° F. and exhausting against a pressure of 0.5 lbs. 
absolute. 

First, locate on a Tc/^-chart for steam the point representing 
the condition of steam at 200 lbs. pressure with a temperature 
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W F., and draw a vertical line extending downward 
it cuts the horizontal temperature line corresponding to 



i 2 



•sqv*"l'^)S •sm-ajnssojj 



b. pressure. This is practically at 540° F. absolute, or about 
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Second, take from the steam table the volumes of one pound I 
of steam at, say, 200 lbs., 140 lbs., and 100 lbs. absolute pressure 1 
when superheated to the values shown by this vertical line. These ] 
will be about 2.75 cu.ft., 3.58 cu.ft., and 4.67 cu.ft., respectively. | 
Plot these volumes with corresponding pressures on a PV-M, 
as shown in Fig. 151. 

Third, take from the T<t>-chajrt the pressures at which the 
vertical line intersects different volume lines in the wet steam 
region and plot volumes against pressures on the T'f^chart. 

Fourth, draw a smooth curve, as shown, through all points 
so determined. 

Fifth, draw horizontal top and bottom lines and a vertical 
line at the left of the diagram. This vertical line should be to 
the right of the pressure axis by an amount representing the 
volume of one pound of water, but the volume is so small that 
it cannot be plotted to any ordinary scale. 

102. Nozzle Design. It was stated in preceding sec- 
tions that the energy which would be converted into work 
by the introduction and adiabatic expansion of steam 
behind a piston is converted into kinetic energy when steam 
flows out of an orifice or nozzle and that an ideal impulse 
turbine could absorb all this kinetic energy from the jet, 
bringing it to rest and making the energy available in the 
form of useful power at its shaft. It is, therefore, of interest 
to determine the velocity which a jet will acquire under 
different conditions. 

This could be done by evaluating the area of a diagram, 
such as that of Fig. 151, and then putting this value in 
place of K in Eq. (69) and solving for but it can be done 
much more accurately and expeditiously in other ways. 
The heat energy which can be converted into kinetic 
energy of the moving jet and which can later be con- 
verted into useful work by the turbine wheel is represented 
by the area enclosed within the lines of the complete 
expansion cycle when drawn on the T^-diagrams. That 
is the area abed in Fig. 152, for instance, for the case of 
wet steam at the beginning of expansion. But this area 
is equal to that representing the heat supplied minus 
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,t representing the heat rejecteil, that is, Qi — Q2, so 
it 

K(m B.t.u.)=Qi-Q2 (70) 

The values of Qi and Q2 can be found very readily })y 
)tting the points c and d upon a T<t>-chsirt for steam and 
serving the constant heat lines upon which they fall, 

\ 



>- 

Fig. 152. 

they can be obtained even more conveniently from what 
known as a Mollier Chart for steam. In this chart, 
TOpy above 32° F. is plotted against heat above 32° F. 
shown in Fig. 153. An adiabatic expansion 011 this chart 
shown by a horizontal line, since this shows a constant 
tropy change just as a vertical line on the T<t) chart shows 
constant entropy change. 

If a point is found in this chart giving conditions corre* 
onding to those at point c in Fig. 152, the value of Qj 
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be read directly under that point on the horizontal 
A horizontal line drawn from that point to the 
-pressure line will give the point corresponding to 
^ Fig. 152 and the value of Q2 can be read on the hori- 
KDtal axis immediately below that point. The difference 
rtween the two readings gives the value of the kinetic 
K or of the mechanical energy which an ideal tur- 
tle could make available, but the expression will be in 
fclitish thermal units and not in foot-pounds. 

This value of the kinetic energy, i.e., K = Qi — Q2y may 
"then be placed in Eq. (69), giving. 



X = 778;Qi-Qo)=^ft.-lbs., . . . (71) 

p. 

I since Qi and Q2 refer to one pound of steam, or 



X = 778ii;(Q-Q2)=^ft.-lbs., . . . (72) 

I when w represents the number of pounds of steam flowing 
per second. 

Solving cither Eq. (71) or Eq. (72) for v gives, 

i; = V778X2g(Qi-Q2) 
= V778X64.4(Qi-02) 
= 224VQi-Q2 feet per second. . . (73) 

The design of a nozzle consists simply in choosing such 
sections that the desired amount of steam may flow through 
it with the desired pressure drop, as the velocity obviously 
is determined by that pressure drop. This is very con- 
veniently done by working in terms of one pound of steam, 
since all formulas and charts are generally given on that 
basis, and then multiplying the cross-sectional areas found 
by the number of pounds of steam required. 

Assume for instance that it is desired to design a nozzle 
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to pass one pound of steam per second with an initial | 
surc of 100 lbs. per square inch abs., and a 
pressure of GO lbs., the steam being initially dry andi 
rated. 

The MoUier chart shows that Qi is equal to about 1 
B.t.u. per pound of steam, while Q2 is equal to about] 
B.t.u. The velocity with which a jet would issue fron^ 
tli<*orctically p<»rfect nozzle under these conditions 
then be found by using Eq. (73). This gives 

r = 224Vi 187 -1147 
= 1416 feet per second. 

The shape of the entrance end of the nozzle is genen 
made such that tlie steam will enter it without great di^l 
turbance and the shape beyond that point is detenninedl 
l)y methods which will be explained below. The cross- 1 
section of the discharge end must be such as to pass the 
required c|uantity at the velocity found above to be equal 
to I IK) f(M't per scM'ond. This is easily done by deter- 
mining; the vohnnc of steam discharged. 

Drawing the adiabatic expansion on the T<i>-chart will 
give the c|uality at the end of the expansion; or, the quality 
can dot orn lined by finding what quality a pound of 
steam at ()0 lbs. pn^ssure must have to give it a heat content 
of 1147 as found above. With the quality known the ter- 
minal volume per pound can be found by multiplying the 
quality l)y the specific volume at terminal conditions. 
Thus for the case under discussion the quality will be 
about 96.7% and as the specific volume at 60 lbs. is 7.17 
cubic feet, the volume to be passed per second, per pound 
of steam is 0.967X7.17 = 6.94 cu.ft approximately. If the 
velocity is 1416 feet per second the area per pound of steam 
must be 6.94-1416 = 0.0049 sq.ft. 

The exact shape of the nozzle is determined by deciding 
upon the way in which pressure, or velocity, or volume 
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;hange as the steam passes through it. Suppose, for 
ee, that a nozzle is to be constructed of the length 
by ab in Fig. 154, and that the pressure is to vary 
its length as shown. Assume also that the nozzle 
pass 10 lbs. of steam per second. Taking initial 
re as 100 lbs. and tenninal as' 60 lbs., the conditions 
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Fig. 154. — Nozzle Dcsip;n. 

be the same as in the problem abovo. The discharge 
will have to be 10 X 0.0049 sq.ft. or 0.049 sq.ft. 
'he area at the plane X2 must be that required to pass 
team when it has the velocity resulting from expansion 
100 down to 64 lbs., just as though the nozzle ended at 
point. This can be found just as the terminal area 
found above. Similarly the sections at x\ and x can 
)und by figuring velocity and area for expansions to 
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74 ajiii *M) [bir., Pffspe<:tively. If the Twious areas i 
are «letenninetl in rhii* way. the nrnzle wiD hare i! 
rmlinul •*4^i?riijQ ahxmt juy :*howTi bj the dotted fines at 
fijnirp and rhe varmtion of velocity wiD be aboat asi 
by rhf* «Mirve. 

If the -jhape of a nozzle i& lietenoiiittl in the same i 
for a cai?e in whiirh the rerminal prepare is less than i 
* :( rhe initial prej?«ire, the mizzle will be found to I 
a very «lifferefii diape. Tkii 
shown in Fip- 155. The i 
is known an eaqianding 1 

Mlllll . anil the -anallietst section b 1 

' as the neck. Tlie pressure] 

in the neek t ahrays equal I 
about i).r38 Pi and the velo 
in the neck ii> ahrays equal tol 
jiL*5t over 14i» feet per seconil 
It uf therefore the section J* 
rhe neck whi.'h •ietennines the I 
•;'iaiirity of -jteam which a noufc 
^ Li ii^^haraff if expanding to a 
::r?sfiire ei:jiial to- or lower than 

103. Actn of Steam on 
Iznpalse ^ ir4^ It has been 
r-ii "iu.r "iie -^.-yjn A..'~LLtc m imptifee type of tuibme 
T-r- ~\-.*^7'r;- '■' 'i*^ -\::*^^.[ :i "he turbine by riving up 
iCiii*^'- ' ~i!t^rir~ liL j.L. ~ _'':l:ih the ^ceaitt 3^1 
r '-iCi' r^*^^ irL-i -v :iL.* [ xivp :ip all of kinetic 
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' the T»r^ tore^' 
There there- 
:v-j. i>e ':f the 'y*id^ 
■ -H*jL'--*f^> the wheel 
>^ rrr?e!iu the ^«ti<^ 
of 
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Aft£*r entranop, the steam flows around the inner < 
of the lilarle and is finally dischaiiged with the same i 
live velcx*ity as that with which it entered, and at an i 
M't \}y the tangent to the inner curvature of the disehi 
eilfc(» of the lilade as shown by r*. But, ance the 
h<'is IxH'n moving ahead with the same velocity as 
bucket during the entire time that it was in contact i 
the l)urket, it is also mo\'ing ahead with a velocity i 
it leaves the wheel. Its real or absolute velocity is th 
I'Af which is found by combining and r» as shown in 
figure. 

Thii kinetic energj' possessed by the jet when entering! 

UTa^ " I 

thf* l>ladc is (»(|ual to ft.-lbs., and that which it possesses] 

wueii leaving is ^ . Obvioush^, the energy- removed ' 

wliile passing over the blade is — , If the blade 

2flr 2g 

were theoretically perfect, it would be so constructed that 
would Ix^ zero and all of the kinetic enei^^ would then 
Ik; n*rnovc»(l. Tliis is practically impossible in a real mechan- 
ism, and there is always a loss due to the residual velocity 
va. Th(5 Ix'st tliat can be done is to so choose the angle 
of jet and l)la(l(», and the velocity of blade with respect 
to the steam that the actual numerical value of tu is made 
as small as possible. 

Designs usually work out in such a way that this occurs 
when the blade velocity is equal to about 0.47 of the abso" 
lute velocity of the steam jet. 

104. De Laval Impulse Turbine. The expanding nozzle 
already described was first used by De Laval in an impulse 
type of turbine. The essential elements of this de^^ce are 
shown in Fig. 157. The nozzles are arranged at such an 
angle to the plane of the wheel that the steam jets strike 
radially arranged blades at the proper angle to enter without 
much loss. The blades deflect the jets as shown and 
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A section through the wheel and casing of such a 
l)in'» directly connected to a centrifugal pump is i 
in Fig. 158. The steam flows into the live steam % 
through a throttle valve controlled by the governor; 
valve and connections are not shown in the illustrati 
From the live steam space the steam flows through nozi 
not shown, and into the exhaust steam space, thus acqi 
iiig a high velocity. The buckets of the wheel are local 
just in front of the discharge ends of the nozzles and t 
steam moving at high velocity must pass through the 
l)efore moving on toward the exhaust outlet. 

105. Gearing and Staging. It has been stated that tl 
n-ost efficient operation with ordinarj" designs is obtmnev 
when the blade speed is equal to about 0.47 of the absolute 
steam velot»ity or, roughly, half the velocity of the imping- 
ing jet. To get high economy in the use of steam, larg:e 
pn»ssure drops are used and very high jet velocities result. 
When the buckets of a turbine are operated at periphera' 
speeds equal to half these jet velocities one of two diffi 
cuhies is often met. The stresses induced in the whee 
structure by contrifiigal effects become so high as to offei 
serious difficulties in design, or the rotative speed of th< 
unit IxK^onies too high for direct connection to the machine 
which is to l)c driven. 

One method of partly overcoming the latter difficult] 
is to operate the turbine at or near the theoretically desir 
able speed and transmit the power to the driven machiui 
through gears which decrease the rotative speed to th( 
necessary extent. This method was used with all of tin 
early De Laval turbines which were of comparatively smal 
capacity. It is now being successfully applied to marine 
propulsion and other purposes for which large unit« ari 
used. It is only a partial remedy in the case of large units 
however, as the gears necessary for the desired reductioi 
and the size of the turbine wheels would both becom< 
excessive. 



Another and very common method is known as com 
pounding or skiging. This may be of two varieties* The 
pressure drop in each stage may be limited to that 
which will give a reasonable velocity and a number of 
such stages may be put together in scries on one shaft. 
This would give one set of nozzles and a wheel for each 
stage, the steam' dischargerl from one wheel with very 
low velocity expanding to a lower pressure through the 
nozzles of the next stuge and ini pinging upon the 
wheel of that stage with the resultant high velocity* 
Such an arrangement is known as pressure staging or 
pressure compounding, and is extensively used in large 
turbines. 

The pressure staj^ng method is illustrated in Fig. 159 
as applied to the De Laval type of impulse turbine. The 
combined increase in diameter of wheels and increase 
in length of blades gives the necessary increase in area to 
pass the larger volumes of steam as the ilrop of pressure 
continues from stage to stage. 

Instead of staging on a pressure basis, staging on a veloc- 
ity basis may be used. In such a case the drop in pressure 
through one set of nozzles is great and the resultant veloc- 
ity high. The steam moving at this high velocity is then 
directed upon the buckets moving at such peripheral velocity 
that they absorb only part of the kinetic energy of the steam, 
dis(^harging it with a lower absolute velocity than that 
with whicli it entered, but one which is too high to be 
thrown away. The steam then passes through a set of 
station aiy vanes winch direct it upon the blades of a second 
wheelj in passing through which it gives up still more of 
its kinetic energy with a corresponding further decrease 
of velocity. If the velocity still possessed by the steam 
warrants it, a second set of station aiy guide vanes and a 
third set of moving buckets can be supplied for further 
reducing it and by carrying this velocity staging through 
a sufficiently great number of stages any initial velocity 




Fig. IGO. — Early Fomi of Curtis Turbine. 
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Velocity staging is combined with pressure staging 
the Curtis type of turbine. A section through part 
m early design of vertical turbine of this type is shown 
•"ig. 160. The turbine illustrated had four pressure stages 
I each pressure stage had two velocity stages. 
Many varieties of impulse turbines have been developed 
1 all of the larger ones employ several wheels and sets 
Qozzles and diaphragms to obtain the necessary staging, 
e same result has been obtained in some of the smaller 
dels by discharging the steam from nozzles on to a set 
buckets which are able to absorb only a fraction of the 
letic energy, catching it at discharge and returning it 
' another passage through the buckets, and so on until 
e greatest practical fraction of the kinetic energy has been 
isorbed. 

106o The Reaction Type. If high-pressure steam or 
her fluid be forced into a de- 
ce arranged as shown in Fig. 
•1 and free to revolve about 
vertical axis, the jets blowing out 
the nozzles will cause the mecha- 
5m to revolve in the direction 
licated by the arrow. This rota- 
n is said to be due to the reaction 
the jets, and the mechanism there- 
e constitutes a simple form of reaction turbine. By 
increasing the number of nozzles 
any amount of steam could be dis- 
charged and therefore any amount 
of work could be obtained. 

This multiplication of nozzles 
can, however, be more conveniently 
accomplished by fastening radial 
vanes to the periphery of a wheel 
as shown in Fig. 162, the space 
tween any two v^es constituting a nozzle through which 



Fig. 161. 
Elementary Reaction 
Turbine. 




Fig. 162. 
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Fig. 163. 



th<* <^team can disohargie By mouDting such a 
within a casing as shown in Fig. 163 it forma a I 
reaction tmbine. One of the characteristic diSea 
between the impulse and the 
t>'pes hes in the distribution of pressoml 
In the impulse type the nozzles inl 
fastened into a stationary part of tiel 
turbine and the drop of pressure occonl 
entirely within the nozzles. The whedij 
are therefore immersed in a space ml 
which a uniform, low pressure exists.) 
In the reaction t\-pe, on the other hand, | 
the nozzles are carried on the wheel and ^ 
there must be a higher pressure on one side of the wheel ' 
than there is on the other. Since there must also be me- 
chanical clearance l^etween the blade tips and the interior 
of the casing, it follows that the reaction type will be 
handicapped by considerable leakage which does not exist 
in the impulse type, excepting as some of the jet may 
*• spill " over the ends of the blades. 

The difference of pressure on the two sides of the wheel 
also causes a tendency toward motion of the wheel along 
the shaft, or of the wheel and shaft, in a direction away from 
the higher pressure. 

Many unsuccessful efforts have been made to design 
efficient reaction turbines, but no pure reaction type has 
yet lx?en commercialized. The turbines commonly called 
reaction turbines are really combinations of reaction and 
impulse types. 

One example of what is commercially called a reaction 
turbine is shown in Fig. 164. Alternate rings (or rows) 
of stationary' and movable blades guide the steam as it 
expands from the high pressure at one end to the low pres- 
sure at the other. The stationary blades project inward 
from the interior surface of the stationary casing and the 
movable blades project outward from the external surface 



\ of tbe cjiodricAl rotor. The inter blades aet like ty 
I of an impnfee torbhie in pvtlr \\ mi y\mf^ the directioa of j| 
' of fleam which mieb tbeni with romparatrreJy high 
tks, bat they abo act Eke the morable noxzles of a 
tion t ttrtjine ^mce the steam in paasiiig throu^ them exp 
and a^tiii¥3 kinetle ener^gy, p^ing a mction on dtseha 
The stationary blades werv^ to mlirect the steam so th 
it strikes the next 9pt of moiinDg blades^ at the proper an|| 

and they also serve 
noxdes in which T£?lodi 
energy is 'acquired, 
is abomn diagratnniiitici 
in Fi^. 165, in which 
denotes statioQar>% and 
movable blades. 

The Parsons type. 3- 
Uistrated in Fig. lt>l, may 
l>e descril>ed as a muUislfuji 
type in which impnl^ and 
reaction are iitiliaed b eon- 
junetiou. 

The hahincc p i s t o q 9 
showTi in the figure are 
used to balance the end 
thnjst caused by the differ- 
ence in pres?iure existing on 
opposit e sides of I he wht^k 
in the case of reaction turbines. Each piston u of sucb 
a diameter that it presents a surface equal to the blade 
surface acted upon by one of the unbalanced pressures, 
and by connecting acroas m shown in the figure a higb 
degree of balance is secured. 

The overlf>ad valve is used to admit high-pressure 
Rteani to the low-pressure blade?s for ca^T>^ng c*xcessive 
overlnadn. The larger area of tlie passages through these 
blades permits an abnormal amount of high-pressure steam 




Fig. 166, 
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loads each side of the most econorrjical the steam perhoqfl^ 
power hour does not increase above the value attaiHV 
at most economical load as rapidly in the case of turUV^ 
as it does in the case of most reciprocating engines. WK- 
a very variable load, therefore, or with a load which is fH ] 
removed from the rated value, the turbine probably fffm' 
a better average performance than does the reciprocatiH ^ 
engine. This is particularly true in large sizes. 

It has been shown that the turbine operates on the compUfc 
expansion ajcle and it will be remembered that the^redpf* 
eating engine operates on a cycle with incomplete expamoik ' 
The turbine is therefore able to make better use of vcij 
low-pressure steam than can the piston type. 

Trial on a T<l> or MoUier chart will show that a turbinft 
receiving steam at about atmospheric pressure and expand- 
ing it down to a vacuum of from 28 to 29 ins. should make 
available as much work as one receiving steam at a higk 
boiler pressure and expanding down to atmospheric. In 
other words a drop of 100 lbs. or more above atmospheric 
pressure makes no more energy available than does a drop I 
of about 13 lbs. below atmospheric, or the lower the initial I 
pressure the more heat is converted into work by a given 1 
pressure drop. A small decrease in back pressure (terminal i 
or condenser pressure) is therefore very effective in the case 
of turbines. Tests show that an increase of one inch of 
vacuum will cause an increase of economy of from 3 to 10 
per cent, depending upon the type of turbine and upon 
other factors. 

Experience has shown that reciprocating engines are 
fully the equal of turbines in the high-pressure ranges, 
in many cases they arc even superior, but the turbine is far 
superior in the low-pressure region and in cases where very 
great ratios of expansion are to be used. Advantage has 
been taken of the superior ability of the turbine to handle 
low-pressure steam by constructing mixed plants, recipro- 
cating engines being used for expanding down to the neigh- 
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rhood of atmospheric pressure and tur^iry- 

3 steam exhausted by these engmf > to ^b- l-.'v--: :■ •. . 

lich can be maintained eeonomi« ;illy. T:.> 

en found particularly aseful for iriiTKt.-ir.;£ "r> vi...:. * 

a reciprocating-engine plant. Thi^- •\ipa<"i":.- a - 
auit can often be almost doubieil wi*r.o»;r ir.y :.■.«•:• :: '■ 

boiler capacity by simply iiL^rri:,-j: 
liaust lines l>etween the engines aui "r.e •j.r.i:*-.-^- • 
.en arranging the pressures r^j r h.tr - r.r ■ * i : . » - ■ . 

expansion from about 16 lb--, ab-oi Ii/a . . : :i- ; 
from 28 to 29 ins. Turbines ii-fii .:\ -;.> \ t i. - . . 
iMT-pressure or exhaust-steam turbines. 

Superheat is also ver>- ttrei^ri-.v. 
3onomy, everj' ten degrees of -up^-rr.^-rr i • :. 

saving of about 1 per cent in r'nt- wf-ia:.".' » • 
er horse-power. 

The steam turbine i.- genf-nl'v r.» r: -»-" .: 
ating engine of like capacity i: '^r.*- m.-:. . • # • 

^rmit the use of the high rrr;irr ■ . . 
>f the turbine. It L< therefor*^ -:c*r- v 
•onnection to blowers, cf-rJn: i. . . 

aachiner>'. Most of rhf- !:ir?<^-r . • 
v^hich have Ixren in.'-tallefl wi*r..;. . : 
ised turbines to drivf^ rKe z-^:.! -•: : 
lirect connected to 2f).«/ji) K.U . / • , • , 
►us. Units rated ar 4o///j K. '.v = ■ , . 

nd units of still larger capjii:!:/ , . , ,^ , 

PRCBL£vr^ 

1. A steam turr=ir.*=' -r j:.:r^-. . , - , 
or even- 30 of --^i.v. 

bs. absolute and thf- -r^rtr.. ■ . . , . . 
ixhaust.s aeain.«t a har^ - r-— ♦ . i . , , 

Find the therrr.;ii .•^^r- ,.. ,. , . 

>f liquid at exhaii.-r -^^r/.v-;- . -r * ■.■/ ■ ' /, . 

2. Develop a '*r,r..r,ii*/- ■-.--/<,'.-!'•' v. / - 
naterial used und^rr 'r.i- ■ • i.- y -/ /■ .». , /, ' -i., / 
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made available per cycle. From iLi**^ 
of pounds of material theoreticalh 
and compare with the value given :• 

3. Find the adilitional quantity • ' 
ically be made availal)le per pounfl - 
the back pressure could be lowered w 

4. Develop a complete expansiui. . 
of 225 lbs. absolute ^^ith a superheMi 
of \ lb. al)solute. Assume that tM 
parts, each making available the sh*" 
tlie pressure drop for each part. N- 
done with tlie help of the Mollier char 

6. A steam turbine receives st«*:.. 
per square incli absolute and with 
exiiausts into a condenser in which :> 
inch al)solute is maintained. The tr 
an electric generator and produces a 1\ 
If a K.W.-hour is e(iuivalent to 341 1 
efficiency of the combination? 

6. Develop a complete expansion 
Prob. 5 and determine the pounds i-f 
quired theoretically to develop energ>' 
Compare with the value given in Prob 

7. Determine the velocity theoretic;* 
steam in one stcj) from the initial to ; 
5 above. What would be the value <■ 
a jet per pound of steam flowing? 

8. Detennino the sliape of a no- 
1000 lbs. of steam per hour, initial ci 
square inch absolute, and dry satura' 
being 2 lbs. absolute. 

9. Determiue velocity and kinetic en 
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COXDEXSERS AND REL.\TED APPARATl S 

109. The Adrvntnee of Condensmg. Tho lo\>\\^t pn^ 
which can be used in a steani-eiifcino cylimlor, thnt is 
exhaust pressure, is determined by tho pit\ss\m^ pnn\*viK 
in the space into which the steain is oxhaiisttnl* With H 
.%iven initial pressure the amount of work which can tUw 




Fio. IGG. 



tained theoretically from a given weight of stc^am iumMWOfl 
as the exhaust or back pressure decreases, as shown by the 
areas of the two diagrams in Fig. 166, and experiouco has 
shown that at least a part of this theoretical iucroaso can hv 
obtained in real engines. It is therefore dosirable to ex- 
haust into a space in which the lowest possible pr(»HHurcj 
exists when the work obtained per pound of steam is tho 
only consideration. 

The most available space into which an engine can 
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2^ *rra: sjirrrr^iryiniK the eaith and already ( 

• 7 •br '?arrc:'* a£c>:«<pc»e. The fxessure in this i 
> Accrr.TTTA'^ equal to 14.7 lbs. per sqoare inch at I 
irrei 2* fTje to ttie w^ei^t (rf the atmosphere, 
tb^ ?ireri::<CTin;ljfflt eohmm cf atmosphere decrease! | 
dep^L cne moves upward, its weight also decreases i 
a?rL<ji?cAeric pressme therefore averages less than 
lbs. per square inch at hi^ altitudes and has a 
averaee value at points below sea levd. 

If it desmii to exhaust into a pressure lower 1 
atmof^pheric a means of mftififaining such an abn 
pres!?iire within some sort of vessel must be devised, 
is the purpose of a condenser and its associated app 
to make available a space in which such a low pressure ettl 
be maintained. Its method of operation will be considfflrij 
in later sections- 
There Ls also another advantage which may be ob- 1 
tained by the use of a condenser. It often happens that ' 
the water available is not well adapted to use in boilers. 
It may be salt water as in marine practice, or it may contain 
a numl>er of undesirable gases and solids in solution as often 
occurs in stationar>' practice. Some types of condensing 
apparatus are so arranged that the steam exhausted from the 
engine is converted into liquid water without admixture 
and can therefore be returned to the boiler as practically 
pure water, thus largely eliminating the troubles that 
would ensue from the use of poor feed water. 

110. Measurement of Vacuimis. Assume that some 
non-volatile liquid, that is, a liquid that did not vaporize, 
could be found and also that it contained no gases in solu- 
tion. If a long tube were inserted in a vessel filled with 
Huch a li(|ui(l and had its upper end connected with some 
form of vacuum pump which could remove air from its 
liitiTior, as shown in Fig. 167, liquid would rise in the tube 
HH the air was removed. Removal of air would result in 
loworiug the pressure within the tube, but the constant 



Id tlm ax» Jinmi m Tt- -n:**- - -:v 
|Mt!ijyMi e ^ if sr n Tl^ 
s the iMCJHiLR ~o -^n-cziz- 
bqaid of aacm r totizi 

fhe fiq[aBi 'ae Ii 
mp onki mun*^ id. <r Tl^ ^ 
xn the cnce. jftxnuL "ptohi zsr- 

anted i hl i. imiur iia^T c 
here. 

The aBK=j& Tsmife ^mxiiL it- 
lined by itsnir i. nxi* ^iwfft*!. 
ne end. n^rrg x -im iiuuiL 
ttd then zL-r-*r:jiic « nitr rfij': 
Sted in zbt livmi •ai{«rx ii 
ig. 168- If "Slit Tin*?: v*3P^ j.mr 

1*ginup Tii*^ ii'jiu: T.-iui: 
r^iiur: jif sDinn. uii>r via 
l£i5- iiyuit 111 ii:r - .tn:- ;•;.>: mi; '*:r t ■ — 

nsef JL *«:iJLrji:iL t-j-j. li-rr^uii^TiLirci? ihi 

sud \o :#e:r'*^^r_v t v,i-j-,-_^. ^ :.^i:tf»r: ?*.x-Ay,.n 

"16.168. preae^i^e of ibe a^srxxs^Hrv' ^mh) 

is known as & haiQoieter. Memin' is 
the Uqiiid because its hizh density niAk^>*i it invsoal^K^ 
use a short tube and hecsiu?^* it uu\y Iv ^wi^sixK^l^ 
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nr.-«t-Tolatifc « onfinanr temperatures. Tbe&^l 
4rnu:«*po«ie CRSure at sea level, equal to Uj 
-^vi^u^ ApprfxsxmMehr. can suppmt about 

oc =>rrrrirr. io that tKk fipne b genmUv taken as^ 1 
-^tAz^iari Level fcaroiiietcr leading. An atov 
le^ than 14.7 lt». would be shown by 
r^iinjr of k:*^ than 30 ins.: a greater atmoe^ 
r«r*»ir» r.y more than 30 ins. Conesponding valiifiB^ 
i::^-;«iph»?ric pressure and barometer reading are 
•JL Tir ie VII. To this have also been added the altituA 

-arhiori thf- •iifferent values would correspond if a pressn 
of 14.7 Ibrr. f-xi-ted at i?ea level and there were no variati( 
of arrno»ipheri'" presj=ure excepting those due to change 
elf: va* ion. Values of this type can CMily be roughly appi 
imatf-. h^aii^ local barometric variations are constai 
o«?c«irrinc and the sea-level atmospheric pressure V2 
\ffjxh -ides of 14.7 lb??. 

TABLE \n 

ATMOf»PHERIC PREfkSrRE, BaBOMITTER ReaDING AND AlTTTO 
Xeigative signs mean distance below sea level.) 



barom*rter. Atmospheric Pressure, Altitude, 

Ir.'*h'-3 of Mercury. Pounds per Square Inch. ; Feet (.Approximat 



25 fJO 


12 27 


4750 


26.00 


12.76 




26.50 


13.01 


3250 


27.00 


13.25 




27.50 


13.49 


2250 


28.00 


13.74 




28.50 


13.98 


1300 


29.00 


14.23 




29.25 


14.35 




29.50 


14.47 


• 450 


29.75 


14.60 




30.00 


14.72 


Sea level 


30.25 


14.84 




30.50 


14.96 


-450 


30.76 


15.09 




31.00 


16.21 


-900 



*^ ojif^ vain* o:' ?ijmdar;. aiaiw^WCTi: pw j^4m t 

^ tube witx. hoti. cna- ope:. an„ jin!u»\: a> sikwi. 
Rp. 167 caL 'i>e u^i i« measure xbt- deem- o: Taruim. 
stin|[ in the spac*^ k- innci. n- unnpr end i> rannrrTeii 
d many vaniim: sa1lse^ aiv roDsmj^ei^i oi. this nrmnnk 
in^: nierciir>- a- tiK liquid. Td- onen: i« wiurij tht 
esBUTp Jowerec ii. tiit- xov oi m*. ruiv l^ ludicaiec da 
«e heifrht wiiicL xht memm roiumi. n?»e> and tiur 
aght in incbe? is U5«e<i a- a naea^sur- o: tht TacTiimi. Thu> 
a perfect vaniuni were rreateii and i: tjk aTnu^spiicriv 
ressure were equal to 14.7 lbs. tin sauei^ would sdiow 
bout 30 ins. of memir\' al»OTe tiif ie^-ei in xhv Te*er\'oir. 
f the vacuum were less perfeci tht* ^usi- would sliow a 
liorter column. 

It should l>e noted that the reading of tht* vacuiun 
^uge does not fdve the pressure existing in the vacuous 
space, but gives the amount by which tlie pressun^ has Ixhmi 
reduced below that of the atmosphert\ the differenci^ 
being expressed in inches of mercuiy. By subtracting this 
reading from the existing atmospheric prt^ssure expressed 
in the same units, the ahfiolut^' jmssurc in the partially 
v^acuous space (expressed in inches of mercurvO is obtained. 

It is obvious, therefore, that a vacuum-gauge reading 
of say 28 ins. of mercury does not always me^n the same 
absolute pressure. With a barometer reading of 2S ins. 
it would represent a perfect vacuum; with a baroiiK^tcr 
reading of 30 ins. it would represent a partial vacuum, ihv 
absolute pressure in the partially vacuous spai^c IxMiig 
equal to 2 ins. of mercury. 

111. Conversion of Readings from Inches of Mercury 
to Pounds per Square Inch. It is often necu^RHnry to foti 
vert readings of pressure in inches of nien^iry into piMiniK* 
per square inch. This can lie done with Huftlcifnt. twi'miw^ 
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under ordinary circumstances by multiplying the incheaj 
of mercury by the constant 0,4908, Thus, I 

Barometer in inc lies X 0,4908 = atmospheric 1 

pressure in pounds per square inch . . ♦ (74)1 

and I 

(Barometer in inches — vacuum ^iiuge in inches) I 

■HH^ X 0.4908 = absolute pi-essure in partially I 

vacuous space iil pounds per square inch* . (751 

ILLUSTRATIVE PROBLEM " 

A vacuum gauge constmcted like that shown in Fig. 167 
readB 27 ins* when the barunieter reads 29,5 ms. What is the 
absolute pressure in the partial vacuum above tlie mercurj^? 

The ah!^)lute p reinsure is equal to 29*5—27=2,5 ins, of mer- 
cury ^ which is equal to 



2.5X0.4908 = 1.227 Ibfi. per square inch. 



4 



112, Principle of the Condenser, A perfect vacuum 
could be created in any closed vessel with impenetrable 
walls if a pump could be devised which could remove all 
mat<irial contained within that vessel. Or, any degree of 
vacuum can be maintained in any partially closed vessel 
by fitting it to a pump which can remove all material 
flowing into the vessel as fast or faster than it enters, raise 
the pressure of this material to atmospheric or higher and 
discharge it. 

The latter principle is made use of in real condensers, 
a pump of some fonn, or an equivalent, removing frotn the 
condenser the matet'ial exhausted by the engine and in- 
leakage from the atmosphere, and discharging it at atmos* 
pheric pressure at a sufficiently rapid rate to maintain 
the desired vacuum. If the condeiLSt^r and connections 
can be made leak proof, the pump or equivalent has to handla^ 
only the material exhausted from the engine. 

A steam engine exhausts a mixture of steam, vvat(T 
and gases, the gases being a mixture of those originally 
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dissolved in the boiler-feed water and air which leaks into 
those parts of the system in which a partial vacuum is main- 
tained. If the pump had to handle the same volume of 
material as is exhausted by the engine, no gain of work 
would result from condensing, because the pump would 
have to do at least as much work in raising the pressure 
of this material to atmospheric and discharging it as could 
be obtained by allowing it to expand in the engine. 

Steam, however, occupies a much larger volume than 
water at the same temperature and pressure. Thus steam 
at 212° F. occupies a volume of about 26.79 cu.ft. per 
pound, but water at the same temperature and pressure 
occupies a volume of only about 0.0167 cu.ft. per pound; 
at a temperature of 120° F, which is often used in condensers, 
the specific volume of steam is about 203 and that of water 
only 0.0162. Therefore, if the steam is condensed after 
exhaust from the engine and before entering the pump to 
be discharged to atmosphere, the pump work is greatly 
reduced. The volume of the condensate is almost negli- 
gible in comparison with the volume of steam exhausted, 
and the work of pumping it is almost negligible in compari- 
son with the work it made available in the engine. 

Gases contained in the exhaust steam cannot be lique- 
fied and must be pumped as gases. The work required 
to pump them can, however, be reduced by lowering their 
temperature as far as possible. 

The condenser equipment may be regarded as con- 
sisting of a combination of a partially closed vessel and 
some form of pump. The vessel is so constructed that a 
low temperature can be maintained within it and that 
large quantities of heat can be removed from it for the 
purpose of condensing the exhaust steam and of cooling the 
contained gases. This is generally done by using large 
quantities of cool water. 

The absolute pressure within the condenser is made 
up of two parts. The two parts are, (a) that due to the 
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water vapor, since the space over the condensed water will 
always be filled with saturated steam at the same tempera- 
ture (approximately) as that of the water, and (6) that due 
to any gases present. 

The pressure of the saturated steam (water vapor) 
can be found from the steam tables opposite the temperature 
existing in the condenser and it is the pressure which would 
exist in the condenser of an ideal system in which no gases 
were mixed with the working substance. The pressure 
of the gases can be found by subtracting from the total 
measured pressure in the condenser the pressure exerted 
by the water vapor as shown in the steam tables. The 
pressures exerted by the water vapor and gases are spoken 
of as partial pressures, since their sum makes up the total 
pressure within the condenser. 

The presence of gases causes a two-fold loss. First, 
it increases the pressure against which the engine has to 
exhaust, thus raising the back-pressure line on the diagram 
and decreasing the work area. Second, it increases the 
work which must be done by the pump which otherwise 
would only pump the condensate and such saturated water 
vapor as accompanied it. 

113. Types of Condensers. The condensers actually 
used in steam plants can be roughly divided into two types, 
as 

(a) Contact condensers and 

(6) Non-contact condensers. 
In the first type the water which is used for condensing 
and cooling it intimately mixed with the exhaust from the 
engine within the condensing vessel, and the resultant 
mixture of condensing water, condensate and gases is drawn 
out of this vessel and discharged to atmosphere by the 
pump. 

In the second type condensing water flows on one side 
of metal surfaces of some sort and the exhaust is led over 
the other side, the heat being transmitted through the 
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metal. In condensers of this type the condensate and 
gases are not mixed with the condensing water and the 
condensate can therefore be returned to the boiler as feed 
water with the advantages already mentioned. 

114. The Jet Condenser. One of the earliest forms of 

contact condensers which is still very widely used for 

moderate vacuums is commonly 

known as the jet condenser. The 

principle of operation of the jet 

condenser is shown in Fig. 169. 

Water, under pressure, entering 

as indicated, is broken up into 

fine streams or jets and sprayed 

into the exhaust coming from 

tlie engine. The resultant mix- 
ture flows downward into the 

iieck of the condensing vessel or 

' condenser head " and is re- 
moved by some form of pump. 
This pump handles gases, vapors 
aadl water and is known as 
* v^acutim ptimp, a wet-vacuum 
P^'^p, or a wet-air pumpy the 
^^"^ wet signifying that it hsm- 
dtes the water as well as the 



from Engine 




^xture to Pump 

The pressure within such a Fig. 169— Jet Condenser, 
coxidenser head would be theo- 
retically equal to that corresponding to the temperature 
of the resultant mixture if no gases were present. In 
pi'actice the pressure of the water vapor would roughly 
correspond to the average temperature near the top of the 
vessel and there would be a partial pressure due to gas 
as well. This gas would consist of that brought over by 
the engine exhaust plus that released from the condensing 
water under the low pressure within the condenser. 
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ThdAiU of a complete jet condenser and of the method 
of connecting? it to an engine are given in Fig. 170. The 
atrrifwphf^ric relief valve in installed in all condensing sys- 
terriH arifl in arranged to open automatically to atmosphere 
if the prcHHure within the system rises to atmospheric, that 
i.M, if the " vacuum is U>st." 




Ku;. 170. %1ot v\Muiou^or aiui Mothixi vv Connecting to EnciDe. 



With tho jot oondons<^r tho pro<;siire might stati to 
vis^^ Kvrtust^ of sioAv :u"tion or ovo!"» sTopiv^ge of the pump. 
Vs tViO vvndor.s^^r hi\-\o. ti'liV. u'p li.c risiru: w^ter -aroaJd 

VV 170 tV.oTx^ i> An AOi:::io:iA' <;A:t:y vicA-ix' which b?\-!ik> 
^Iv '■xhjiusi <v>to:v. if ihr w^iUt in the hei^d 
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•rises above a certain height, thus preventing the external 
atmospheric pressure from forcing this water back along 
■the exhaust pipe and into the cylinder, an event which 
would probably result in a wrecked engine. 

The jet condenser here described is known as a parallel- 
flow type, becg-use everything within the condensing vessel 
flows in the same direction. The gases and vapors handled 
by the pump theoretically have the same temperature 
as that of the mixture with which they flow out at the 
bottom of the condenser head. The temperature of this 
mixture therefore determines the temperature of the gases 
and vapors pumped. 

There are numerous forms of contact condensers which 
more or less closely resemble the types of jot condenser 
just described. They are occasionally all classed as jet 
condensers, but more often are given distinguishing names. 

One very conmion form of contact condenser is generally 
fciiown as a barometric condenser. It consists essentially 
of a. condenser head, similar to that used with the jet con- 
denser already described, and a tail pipe or barometric 
P^F>^ which partly or wholly takes the place of the wet- 
^^c\ium pump by removing part or all of the mixture formed 
^"thin the condenser. One model of such a condenser is 
sl^ow in Figs. 171 and 172. 

The exhaust from the engine enters the head through 
th^ large pipe shown and divides into two parts, one part 
Passing down through the center of the head and the re- 
ff^ainder flowing downward in the annular space A, The 
condensing or injection water enters as shown and is divided 
by the spraying cone and injected into the engine exhaust, 
which enters the central tube of the condenser. The 
mixture thus formed flows downward and finally meets the 
discharge from the lower end of the annular space A, which 
is then condensed. The mixture of injection and con- 
densing water together with such gases as have been en- 
trapped, then flows downward into the tail pipe, which is 
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over 34 ft. in length and which dips into the " hot well" 
at its lower end. As atmospheric pressure can only sup- 



Drj Air Punip 



AJr Cooler 




Fig. 171. — Barometric Condenser. 



port a column of water about 34 ft. high, the tail pipe for 
an automatic wet-vacuum pump, water flowing from it 
rapidly as it accumulates within it. 
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Experience has shown that the maintenance of a hi^ 
vacuum with this iyyye of condenser depends upon the ex- 
tent to which gases are removed from the condenser head. 
These gases are generally called air, as the greater part of 
them is air. In the type illustrated such air " as is 
not trapped by the descending mixture rises through the 

hollow spraying cone, then 
* through the air cooler and 
flows out through the pipe 
indicated to the vacuum or 
dry-air pump. The air m 
rising through the center 
of the spraying cone is 
cooled by the water flowing 
around it, and it is further 
cooled by coming into con- 
tact with water as it works 
its way through the air 
cooler. This results not 
only in lowering its tem- 
perature, but also in caus- 
ing the condensation of a 
great deal of the water 
vapor accompanying it. 
This condensed vapor col- 

Fic. 17:^-Haragw.nath Baxometric ^^^^'^ ^^e space surround- 
Condenser. i^g the au- cooler and 

flows down into the head 
through the drain shown. The vacuum pump, therefore, 
handles cool gases containing little water vapor and prac- 
tically no liquid water. It is sometimes called a dry-air 
ptunp or dry-vacuiun ptunp for this reason. 

The entraincr shown in the exhaust system in Fig. 172 
is so shaped that water collecting in the exhaust piping 
and flowing into the entraincr is picked up by the exhaust 
steam and carried into the condenser. 
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The flow of steam and injection water in this condenser 
is parallel, but the material on its way to the dry-vacuum 
pump flows upward and the cooUng water flows downward 
so that counter-current flow is used in this part of the appa- 



WATER 



BARAGWANATH 
CONDENSER 
ORDINARY 




Fig. 174. 



ratus. This has the advantage of bringing the air leaving 
the condenser into contact with the cooling water just as 
it enters and therefore when it has its lowest temperature. 

A somewhat similar condenser, arranged so that it 
requires no pump, is shown in Figs. 173 and 174 (a) and 
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Exhaust and injection water mix as shown, the quant% 
of injection water being regulated by the hand wheel oo 
top of the condenser. The mixture flows downward through 
the narrow neck and the velocity attained in this part of ik ' 
tail pipe is so high that all air and similar gases are swept 
along with the current. 

For starting, the 
valve V in Fig. 174 (h) 
is opened, allowing water 
to flow into the lower 
part of the tail pipe. 
This creates a partial 
vacuum, and atmos- 
pheric pressure then 
forces water up the in- 
jection pipe and into 
the condenser head. The 
valve V is then closed 
and the condenser con- 
tinues to siphon its own 
water. Because of this 
action this type is often 
called a siphon conden- 
ser. By supplying a 
circulating pump as in- 
dicated in Fig. 174 (a) 
it can be converted into 
a barometric condenser 
similar to the type already discussed except for the fact 
that it requires no air pump. 

The barometric or tail pipe of any barometric condenser 
can be replaced by any kind of a pump, and centrifugal 
pumps are often used for this purpose. When large quanti- 
ties of gas are to be handled, as when a dry-air pump 
is not used, the centrifugal pump must be specially 
designed. 




FiQ. 175.- 



-Westinghouse-Leblanc Air 
Punip. 
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L recently developed type of condenser in which the 
3metric tube is replaced by a centrifugal pump and in 
ich a separate air pump of a rotary type is used is illus- 
kted in Figs. 175, 176 and 177. It consists essentially of 
.e condensing head and well, combined with a centrifugal 
lil pump and a rotary air or vacuum pump as indicated 




Fig. 176. — Westinghouse-Tjeblanc Coiulonsor. 



in Fig. 177. Injection water entering through nozzles in 
the head meets the exhaust, and the resultant mixture 
flows down into the well through the large nozzle shown. 
The liquid is continuously removed from the bottom of this 
well by the centrifugal tail pump and discharged to the hot 
well. The air and associated vapors are drawn down the 
air pipe and discharged by means of the device shown in 
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Fig. 175. Water enters the central part of this pumpi 
indicated in Fig. 176 and is discharged through the stal 
ar>' nozzles .V and the moving vanes V shown in Fig. 11 
The water is thus caused to form a series of " 
which move rapidly downward in the discharge nozzle 
and which trap small plugs or lamina of "air" bel 

them and thus disci 
^ jn r ^ the " ah- " to the aUnofrl 

phere. The connection 1 
marked P is used for priift- 1 
ing at starting when nece*- j 
sary. 

In small units the cea- 
trifugal tail pump may ^ 
omitted and the design ao 
remodeled that all theinjec- 
tion water passes througk 
the rotary air pump which 
discharges the entire mix- 
ture from the condenser 
just as it discharges the air 
and associated vapors in 
the larger sizes. 

115. Non-contact Con- 
densers. The type called 
the surface condenser is 
the best-known example of 
non-contact condenser. It 
consists essentially of a large cylindrical or rectangular 
vessel into which the exhaust is discharged and through 
which pass numerous bronze or alloy tubes which carry the 
condensing water, and the surfaces of which act as the 
condensing and cooling surface. 

One form of Surface condenser mounted above the 
pumps which serve it is shown in Fig. 178. The exhaust 
enters at the top of the rectangular shell and works its 




Fig. 177.- 



-W'est ingliouse-Leblanc 
Condenser. 
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way clown over the water-cooled tubes. The condenaW^F 
niixetl with gases and vapors, is drawn from the bottom jj 
the shell by the wet-vacuuin pump and discharged to 1 
hot well. 

The condensing water is forced through the 
of the condenser by means of the reciprocatii^ circu 
pump, centering the lower tubes at the right-hand 
the figure, making two passes " through the condensers 
leaving at the top. Because of the path of the water I 
condenser of this type is sometimes called a two-pass if| 
double-flow condenser. 

With the arrangement illustrated, the steam whidj 
condenses upon the upper tubes falls as a rain from 
to tul)e until it finally settles at the bottom and is drawn | 
off. The outer surfaces of the lower tubes are therefoie 
practically covered with water and this has two disad- | njt 
vantages. First, these tubes carry the coolest circulating 
water and they therefore cool the condensate coming in 
contact with them while the water flowing through them 
is unnecessarily heated. Cooling of the condensate means 
a lower hot-w(^ll temperature than would otherwise be 
obtained, but if the condensate is to be used for boiler 
feed, the temperature of water in the hot well should be 
maintained as high as possible, since this water will eventually 
have to be heated to boiler temperature with a correspond- 
ing expenditure of heat. Second, tubes which are being 
used to heat water covering them arc of little use as condens- 
ing surface, and hence a large part of the surface in such ^ 
c6ndensei is comparatively inactive. 

The ideal arrangement would carry away the liquid 
condensate as fast as fonned, leaving the tubes first entered 
by the condensing water to act as the final condensing 
and cooling surfaces, thus bringing gases and non-condens- 
ible vapors into contact with the coolest surfaces just before 
entering the vacuum pump. Numerous designs which 
approximate this ideal have been developed recently and 
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when the higher Taraani*^ ire ^^c^Tic.'- 

116. Water Jttqaartd bj Cootact Coodcnsers. Tbe 
weight of cirmlatiiig wai^ r^j iirei -rij5er wtih :be t^tv 
of condenser and with tbe ^lo-irar^^ c»: ♦iwraik^i, suob a? 
initial t«nperature of water, yi^^r^^jzn 'ieared. etc. It can Ix^ 
determined ap|Htiximately l.y cajdiiaiion and the values 
thus found must then be increased by such factors as 
experience has shown to be necessary'. 

In contact condensers the water and the condonsato 
are discharged as a mixture and theiefore haA'O tlu^ sjuuo 
average dischai^ temperature. 

liCt (i= initial temperature of injection water in K/'; 
fe= temperature at which niixtuiv is disehai^nl in 
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X = total heat above 32^ F. of steam as exhaiisted; 
ir = poun(b of injection water per pound 61 exhaust 
steam. 

Assuming the exhaust steam to be dry saturated, each 
fXiUiid of steam in condensing to water at a temperatuie 
of h degrees must give up an amount of heat equal to \ 
minus the heat of the liquid at /°2 or roughl^^ X— (fe-32) 
B.t.u. This same quantity must be absorbed by the b 
jeetion water, while its temperature rises from <i to Ij 
dogrws. Each pound of water can then absorb approxi- 
mately (t2 — ti) B.t.u. and the pounds of injection water 
per pound of steam nill be 



12 — h 

The value of would be that corresponding to the 
absolute pressure in the condenser if it were not for the 
air and similar gases which exert some pressure. It is 
generally 10 or more degrees F. below the temperature 
corresponding to the vacuum. Values of in the neigh- 
Ixjrhood of 110° to 125° F. are customary with recipro- 
cating engines and values as low as 80° are used with high 
vacuums in connection with steam turbines. 

The weight of water used per pound of steam as gi>eii 
by Eq. (78) will vary between about 15 for very low initial 
and moderate discharge temperature to about 50 \nth 
average initial and moderate discharge temperature. Ex- 
perience shows that it is necessary to add 10 per cent or 
more to the values of W obtained from equation (78) to 
obtain the weight of water which will probably be used. 

ILLUSTRATIVE PROBLEM 

Find the quantity of water theoretically required per pound 
of steam condensed in a contact condenser in which a vacuum 
of 25.5 ins. of mercury is maintained when tlie barometer reads 
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^.5 ins. erf mercoiy. The initial temperature of tho T^-^itor i:^ 

The ateohite pressure in the condenser is 29,5-25,5=4.0 ins. 
mercury and the steam tables give for this pressure, X « 1 1 15,0 
Hid U = 126. Substituting in Eq. (7S) gi\'es 

^ 1115.0-126+32 . . 
126 -60 ^ approxmiately, 

117. Weiglit of Water Required by Non-contact Con- 
lensers. In the case of non-coiitiict condonsors thon^ is 
lo definite relation between the disohan^o temix^mtun^ 
)f the cooling water and that of the condens;Ue. M\|HM*i- 
jnee shows that the discharge temperature of the oiroulatii\g 
rater is generallj^ from 10 to 20 degrees lower than tho 
emperature corresponding to the vacuum. 

The temperature of the condensate (hot-well temix^m- 
ure) is generally 15 or more degrees below that oorro8|K>iul- 
ag to the vacuum, but good design makes tho hot -well 
emperature very closely approximate that corresponding 
o the vacuum. 

Assuming 

ti = initial temperature of injection water in F.®; 
<2 = final temperature of injection water in F.®; 
= temperature at which condensate is discharged, i.e., 
hot- well temperature, in F.°; 
X = total heat above 32® F. of steam as exhausted, 

md 

Tr= pounds of injection water per pound of exhaunt 
steam. 

The weight of water which must be circulated per i)oun(l 
)f steam can be found as in the case of the contact con- 
lenser. It is given by 



_ \-tc+S2 



(70) 
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Values in the neighborhood of 25 lbs. of water per poundl 
of steam are common with low vacuums and 50 orino»l 
pounds are often used with vacuums over 28 ins. rfj 
mercurj'. 

ILLUSTRATIVE PROBLEM 

A surface condenser receives circulating water at a tmpff- j 
ature of 65° F. and discharges it at a temperature of 80° F. It | 
maintains a vacuum of 28.0 ins. ^ith the barometer at 29.5, and 
the temix^rature of the condensate discharged to the hot well » ' 
e(iual to S5° V. Find the quantity of circulating water theoretically 
recjuircd. 

This vacuum corresponds to an absolute pressure d 
21).5— 2S.0 = 1.5 ins. of mercur}\ Assuming this all due to steam 
(neglecting presence of air) the value of X may be taken from the 
steam table as 1100.1 B.t.u. Substitution' in Eq. (79) then gives 

1100.1-85+32 . , 

^ = ^ — ^ =69.9 approxunately. 

80 —DO 

118. Relative Advantages of Contact and Surface Con- 
densers. The contact types are as a rule much cheaper 
than the surface condensers, and they are less subject to 
serious depreciation, the tubes of surface condensers often 
corroding seriously in very short intervals of time. On 
the other hand, the injection of the cooling Wciter into 
the condensing space in contact types results in the intro- 
duction of large quantities of dissolved gases, and muc^ 
of this material is liberated under the reduced pressure, 
thus tending to increase the condenser pressure, that is, 
decrease the vacuum. Where pumps are used to carry 
away the mixture with contact condensers, these pumps 
have to handle a much larger quantity of water than the 
corresponding pump in a surface condenser, and the work 
of pumping this water out of the vacuum into the atmos- 
phere combined with the additional work required of 
the pump which handles the air may partly balance 
the advantage of lower first cost of the contact type. 
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\. surface condenser must always be installed where 
3 desirable to use the condensate as boiler feed, and 
J generally used when very high vacuums (low absolute 
ssures) are to be maintained. The surface condenser 
it a serious disadvantage, however, when required to 
idle the exhaust of reciprocating engines. The exhaust 
[n such engines always contains large quantities of 
ricating oil carried out of the cylinder, and unless this 
terial is separated before the exhaust enters the con- 
iser it is deposited on the outer surfaces of the tubes 
1 decreases the conductivity of those surfaces. Such 

can be eliminated to a great extent before the exhaust 
iers the condenser by means of oil separators, which are 
lerally made up of a series of baffles upon which the 
am impinges and upon which the oil is caught. 

119. Cooling Towers. The large quantity of circula- 
g* water required by condensing plants is often an item 

great economic importance. When such plants are 
ated near a river or near tide water, the circulating 
ter can generally be procured for the cost of pumping, 
len they are located in the middle of cities or in regions 
ere water is scarce, the cost of water may be excessive 
it may even be impossible to obtain a continuous supply 
lal to the demand of the condensers. 

In such cases the condensing water is often circulated 
itinuously, being cooled after each passage through the 
idensers. This cooling is generally done by exposure 

a large surface to the air. The resultant evaporation 
some of the water with the absorption of its latent heat 
vaporization cools the remainder so that it can be used 
ain. This sort of cooling may be effected by running 
5 water into a shallow pond of large area, or by spraying 
into the air over a small pond or reservoir or by passing 
through a cooling tower. 

Cooling towers are large wood or metal towers generally 
ed with some form of baffling devices. The hot water 
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is introduced at the top and spread into thin shee 
divided up into drops as it descends. Air enters a 
bottom and flows upward, cooling the water by co 
and by the partial evaporation which results. Th( 
oulation of air may be natural, i.e., due to the diffe 
of temperature, between the air inside and out, in \ 
case a stack is fitted to the top of the tower; or th 
culation may be forced by fans located in the base < 
tower. In the latter case the apparatus is called a /< 
draught cooling tower. 



CHAPTER XV 



COMBUSnOX 

120. Definitions. Certain substances are known to 
chemists as compounds, because they can be separated by 
chemical processes into simpler substances. Thus water 
and many of the most familiar materials known to man 
are compounds which can be separated into two or more 
simpler materials. 

Those substances which cannot be further broken up hy 
the processes used in separating compounds are called 
elements; they are regarded as elemental, as the stones 
of which the compoimds of nature are built up. About 
seventy-five of these elements are now known, but many 
of them are comparatively rare. Pure metals are all 
elements; the oxygen and nitrogen which are mixed to form 
the greater part of the atmosphere are elements; carbon, 
which forms the greater part of most fuels, is an element. 

In many cases the combination of elements to form 
compounds is accompanied by the liberation of heat, and 
some of these combinations are used by the engineer for the 
purpose of obtaining heat in large quantities. When the 
elements which occur in fuels, such as coal, wood and 
petroleum, combine with oxygen, the process is spoken of 
as combustion. The quantity of heat liberated when a 
pound of any material combines with oxygen (burns) is 
called the heat value or calorific value of that material. 

Fuels contain a great number of elements, but only 
three of these ordinarily take part in combustion and arc 
therefore spoken of as combustibles. They arc carbon, 
hydrogen and sulphur. The sulphur content is generally 
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very small, and the carbon and hydrogen are therefore the 
most important constituent.^. 

The combustion of each of these elements will be vm- 
sidered in detail in the following st^ctioiis, but before this 
can be done two other ideas must be developed. 

The smallest particle of an element which can be 
eonceived of as entering into combination to fonii a com- 
pountl is known as an atom of that element. It has been 
found that the atoms of each element have an invariable 
and characteristic mass. The lightest atom is that of 
hydrogen^ and its weight is considered unity. The atnm 
of carbon is twelve times as heavy as that of hydrogen and 
carbon is therefore said t-o have an atomic weight equal to 
twelve. Similarly the atomic weight of nitrogen is four- 
teen and that of oxj^gen is sixteen. 

The smallest particle which can be formed by the com- 
bination of atoms is known as a molecule* Like or unlike 
atoms may combine to form molecules, Thu.^ two hydro- 
gen atoms combine to foi-m a molecule of hydrogen, and 
hydrogen gas as it ordinarily exists may be pictured as 
made up of a collection of such moleculeia. Similarly^ 
gaseous oxygen and gaseous nitrogen may be pictured as 
collections of molecules which are made up of two like 
atoms. 

When unlike atoms combine to form a molecule, they 
fonn a molecule of a compound. Obviously a molecule of 
any compound is the smallest particle of that compound 
which can exist. 

For convenience, the different elements are represeiited 
by abbreviations; thus oxygen is represented by 0^ nitro- 
gen by N, hydrogen by H, carbon by C and sulphur by S. 
When these abbreviations are written in chemical equa- 
tionsj such as will be given later, they stand for an atom 
of the substance. Hence in a chemical equation would 
mean one atom of oxygen. The s^Tiihol O2 is used to mean 
two atoms of oxj^gen in combination, hence, one molecule 
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of oxygen. The symbol 2O2 means two groups of two 
oxygen atoms in combination, hence two molecules of oxygen. 

The simplicity and elegance of this system will become 
apparent as the chemical equations which follow are de- 
veloped and explained. 

121. Combustion of Carbon. Carbon can unite with 
oxygen or bum to form two different compounds — carbon 
monoxide (CO) and carbon dioxide (CO2). The monoxide 
is formed by the combination of one atom of oxygen with one 
atom of carbon; the dioxide, by the combination of two 
atoms of oxygen with one of carbon. The dioxide, therefore, 
contains twice as much oxygen as does the monoxide. 

Carbon burned to carbon monoxide has not combined 
with the largest possible quantity of oxygen, and combus- 
tion is therefore said to be incomplete in such cases. When, 
however, carbon dioxide is formed, the carbon has combined 
with as much oxygen as possible and combustion is said to 
be complete. 

It will be shown later that much more heat is liberated 
when the dioxide is formed than when carbon burns to the 
monoxide. Hence, when liberation of heat is the object of 
combustion, the process should be so conducted as to result 
in the formation of the maximum quantity of dioxide and 
the minimum amount of monoxide. 

122. Combustion to CO. The combustion of carbon and 
oxygen to form the monoxide can be represented by the 
equation 

C+0 = CO, (80) 

or by the equation 

2C+02 = 2CO (81) 

The former is the simpler and will be considered first, but 
the latter is the more perfect and indicates more to the 
trained eye than does the simpler form. 

The simple equation states that one atom of carbon 
combined with one atom of oxygen to form one molecule 
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of carbon monoxide. It can, however, be so mt( 
a« to show much more than this. The carbon oiomttii 
tivies as heavy as the hydrogen atom, while the oxjfgmi 
is sixteen times as heavy as that of hydrogen. The < 

C+0 = CO, 

therefore, shows that an atom, which is twelve times heafl 
than the hydrogen atom, unites with one which is i 
times heavier than the hydrogen atom to form a md 
which is 28( = 12+16) times heavier than the hyd 
atom. 

In other words, the weights of carbon and or 

12 3 1 

combining are in the ratio of t^=t=tt- If a suffi(M4i 

lb 4 It I 

numl)or of carbon atoms to weigh one pound be used, il 

quantity of oxygen weighing IJ lbs. will be required to I 

combine with them to form carbon monoxide. The ro-l 

sultant carbon monoxide will contain the pound of carbon | 

and the I J lbs. of oxygen and will therefore weigh 2§ 1 

The same weight relations would hold irrespective of 

the weight of carbon used, and the simpler equation may 

therefore be put 

1 weight of C+ll weights of = 2^ weights of CO. (82) 



Uy 

it 

liny 
air 



ILLUSTRATIVE PROBLEM 

To illustrate the use of this equation, assume that 9 lbs. 
carbon are burned to carbon monoxide and that it is desired to 
find the weight of oxygen used, and the weight of the product- 
The weight of oxygen used must be 1| times the weight of carbon, 
that is, 1JX9 = 12 lbs. The weight of the product must be 2i 
times the weight of the carbon, that is 2f X9 = 21 lbs.; or, it must 
be the weight of the carbon burned plus the weight of the oxygc^* 
used, that is, 9+12 =21 lbs. 

In general, the oxygen used for combustion is obtained 
from the atmosphere, which may be considered as a mechan- 
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i^OKxI mixture of oxygen and nitrogen in unvarying porportions. 
^'tiese proportions are roughly, 0.23 of oxygen to 0.77 of 
^^t^rogen by weight, or 0.21 of oxygen to 0.79 of nitrogen 
volume, as shown in Table VIH. The weight of 
^^ir which contains one pound of oxygen is therefore 
0^23 j_0 77 

— = 4.35 lbs., and this weight of air contains 

4.35-1=3.35 lbs. of nitrogen. 

In the problem previously considered it was found 
that 12 lbs. of oxygen would be required to burn 9 lbs. 
of carbon to CO. The total weight of air required to 
obtain this oxygen will be 12X4.35 = 52.2 lbs. and it will 
contain 52.2 — 12 = 40.2 lbs. of nitrogen. 

By simple arithmetical calculations of the type just 
given all the weight relations involved in the combustion 
of C to CO can be determined. The volume of air required 
in any given case can be found by multiplying the weight 
of air by the specific volume as given in Table VIII. 
Thus, in the illustrative problem already considered, it 
was found that 52.2 lbs. of air would be required to burn 
9 lbs. of C to CO. The volume of this air at 62° F. would 
be 52.2 X 13.14 = 685.9 cu.ft. 

It is found that a quantity of heat equal to about 
4500 B.t.u. is liberated per pound of carbon burned to CO; 
that is the calorific value of C burned to CO is 4500 B.t.u. 

Returning now to Eq. (81), which was said to be more 
useful than the simpler form given as Eq. (80), it will be 
necessary to consider a rather simple law of gases. It 
has been shown experimentally that equal volumes of all 
gases contain the same number of molecules when at the same 
temperature and pressure. This statement is known as 
Avogadro's Law.. It has also been shown that the mole- 
cules of gaseous oxygen contain two atoms. 

The equation in question, 
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can therefore be read, two atoms of cai^on ooaihiiieiill 

one molecule of oxyqen to form two mcHendee <jf obAm wmr | 
oxtfle. But, if every molecule of O yieids two moka 
of C;0 it follows from Avai^ro'e law that the CO Jmi\ 
vrill tfccupy twice the I'olume of the oxygen uited if meuo 
at xUf Kaine temperature and presBure. If tbe equation le i 
iff ja^ne<l a.s containing a numeral 1 befoi^ the it 
will Ix* oljvious that the coefficients of the terms rppresotr 
irjg ga« molcules give volume relations directly. TOscqp* 
tiou therefore givets both volume and wei^t rdatkns. 



TABLE \Tn 
Pbopebties of Air 

Corividmnc it to conaut oaly of B iUu g ca and 



K»-lativ*f Proportions. 



Batio of X to O. ' Ratio of lirliO. 



I Exact. 



Approz. : Exact. Apprax. Exact. Afpt^ 



3 35 



4.27 4.35 



Byvolun... 'J-^J J;™ J' 3.78 3.76 4.76 4.76 



1 .SfK'c. wt. at .\tmoj}. Press. 
1 <Lbs, per Cu.ftJ 


Spec. Vol. at Atmos. Press. 
(Cu.ft. per Lb.) 


1 1 

j At 32^ F. At 62* F. 

1 


At 32" F. At 62*' F. 


' 0.()S072 0.07609 


12.39 13.14 



Weight of air containing one pound of o.xvgen is approximately 
4.35 lbs. 



123. Combustion to CO2. The combination of carbon 
and oxygen to form the dioxide is represented by the equa- 
tion 

C+02 = C02, (83) 
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•Idch ^iow? that one atom of carbon ^twlvo tinu>5% lu^u ior 
man hjdwo^tn ' eomhintps with two atoms of iKcyjctMi i^t^M^h 
btoB times heairier than hydrogen) to form nu^tvulo 
C OOi. whirfa fe forty-four thnos hoavior \\u\n an att^m of 
□rdrogm. Thcfefone the weijcht of carlmn luul tv\V|j^^n 

ombinm^ are as o^^=g = o|' 2? "^"^^ t\\vut^M\ 

w required to bum a pound of carl>on to oari>on dit>\idt\ 
(Writing this in the form of an equatioi\, j^hw 

weight of C+2i weights of 0=3? woiRhts of (HVj, , ^Sl) 

The weight of air required can ivadily fonnd l\v 
multiplying the required oxygtMi hy the niunlnM* \^\\ 
'^viously shown to be the numlx^r of pttunds of air ouu 
Uning one pound of oxygen. Thus, tlio m)\utvd air i?* 
1X4.35 = 11.57 pounds per pound of (' huruod to {\\^, 
'his number is commonly rouudod out to 12 in ouuiutvriu^^ 
^terature. 

The equation gi\en shows vohnno n^hdious tliiwtly, 
t is e\ident, therefore, that one moloculo of () yit^ltln ouo 
aolecule of CO2, and hence that tho vohnno of ph>duol 
5 exactly equal to the volume of tho oxygtMi ustMl in fovn\inK 
; if measured at the same toiuporatiiro nnd pit^HHunv 
'his is a very important relation, and is ofton wwuU^ uho 
F in engineering calculations. 

Experiment shows that when carbon Inn'nn to tho 
ioxide about 14,600 B.t.u. are HhoralcMl \)vv pounti of 
irbon burned, that is, the calorific value of ( ' hurnt'tl lo ( \ )} 
i 14,600. 

124. Combustion of CO to CO2. Siiioo <'arboi\ which 
as burned to carbon monoxide has not combined wit h th(^ 
reatest possible quantity of oxygon, tho monoxide cjin 
ike up more oxygen by burning to the dioxide. This 
recess is represented by the formula 



2CO+02 = 2C02, 



(86^ 
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which shows that two molecules of monoxide fQmbineiilk&; 
one molecule of oxy^oen to form two molecukis <rf the dkoidBiK 
The volume of CO2 formed is therefim equal to that of L 
the CO burned. I 

So far as the ultimate result is concerned, it mahsiDl 
difference whether carbon is burned directly to CQs « >K 
first burned to CO and then the CO is burned to CQj. m 
The total oxygen used per pound of carbon burned to CQt ft 
and the total heat liberated per pound of carbon buqied I 
to CO2 are the same in both cases. I 

Thus, for the oxygen, one pound of C burned to COi I 
requires 2f lbs. of oxj'gen; but one pound of C burned 1 
to CO requires 1} lbs. of ox>'gen, and 1§ lbs. more will Ik 1 
required when this CO is burned to CO2. The result 
is therefore the same. 

For heat liberated, one pound of C burned to CO2 
liberates about 14,600 B.t.u.; but one pound of C burned 
to CO liberates about 4500 B.t.u. and 10,100 B.t.u. are 
liberated when this CO is burned to CO2. Since the sum 
of 4500 and 10,100 is equal to 14,600 the result is again 
the same. 

Data on the combustion of C to CO and CO2 and the 
combustion of CO to CO2 are collected in convenient 
form in Table IX. 

125. Conditions Determining Formation of CO and CO2. 

Excluding certain complicated considerations which are 
not of great importance in steam-power engineering, it may 
be said that when carbon is being burned at a certain rate 
(pounds per unit of time) the amount of oxygen brought 
into contact with the carbon detennines whether the caibon 
bums to CO or to CO2. If enough or more than enough 
ox>'gen to bum the carbon to CO2 is brought into contact, 
that oxide will be formed. If there is not enough to bum 
all the carbon to the dioxide, both oxides are fonned in cer- 
tain proportions, which can be calculated. 

Since combustion to CO yields only 4500 B.t.u. per 
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,<3ij.nd of C and combustion to CO2 yields 14,600 B.t.u. 
Nex* pound of C, the importance of supplying sufficient 
Kacygen to bum all carbon to the dioxide in cases where 
-^hx<& liberation of the maximum quantity of heat is desirable 
is obvious. In actual practice the ox>^gen is furnished 
fc>y supplying air and it is found necessary in most cases 
"to supply more than the amount of air theoretically re- 
c^iiired in order to insure burning all, or even nearly all, 
of the carbon to the dioxide. This comes from the great 
difficulty met in obtaining contact between the oxygen of the 
ctir and the carbon which is to be burned, that is, in bringing 
all the oxygen of the air into intimate contact with the 
fuel being burned in real apparatus. 

TABLE IX 
Combustion Data for Carbon 



(Per pound of carbon ) 



Product. 


Oxygen Required. 


Nitrogen Accompanying 
Oxygen. 


Pounds. 


Cu.ft. at 62° F. 
and 14.7 Lbs. 


Pounds. 


Cu.ft. at 62° F. 
and 14.7 Lbs. 


CO 


1.333 


16.0 


4.46 


60.1 


CO2 from C 


2.667 


32.0 


8.92 


120.2 


COafromCO. . 


1.333 


16.0 


4.46 


60.1 



Product. 


Air Required. 


Quantity of Product 
(N not included). 


Heat Liber- 
ated. 


Pounds. 


Cu.ft. at 
62° F. and 
14.7 Lbs. 


Pounds. 


Cu.ft at 
02° F. and 
14.7 Lbs. 


CO 

CO2 from C 

COafromCO.... 


5.79 
11.58 

5.79 


76.1 

152.2 
76.1 


2.33 
3.67 

3.67 


32.0 
32.0 

32. o| 


4,500 
14,600 

10,100 per lb. 
of C in CO 
4,300 per lb. 
of CO 
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Tilt HIT ni cx(*fSfi of thai theoretically required to ban 
sil . ^^riKW. ('inupk»i«'ly is spoken of as excess tir. h 
::!: ivini, :u: fquaiiim, this statement is equivalent i» 

-v.- s..:i:ili:\.- :a! ihtH>n*ti«illy required =exces8 air. (8S) 

i> :\i>'.v.\\:i.r\ To exjircss the quantity of excess uim 
.1: ^.:r.hTJc:Ll la^'UiT known as the excess coeffidol 
i> liefinod as the number by which thegmviS^ 
• rr/.h •^•cwmrf miist he muUiplied to qiffe fk 

.1. . .\' .')C7hi'iil}. v«^. In the form of an equation 

.:aa-s> \ sit thiHWtically required 

= air actually used. . (87) 

ILLUSTRATIVE PROBLEM 

. jI -:'.*:v. I'lie iUusiranvo problem preWously considered, 
. ..I : .■ > V : .,-ir:\m ajv bumeil in air to CX)*. Each pound 
: • '\: ... *\ - ..L^:^ V. "C ll^s. of ;iir. st> that the theoretical 
.. -->.. > • : > wi'uU 9X11.57=104.13 lbs. If in a 

:\ . - : ./.r r^rv* supplied, the excess coefficient is equal 

1 \ -.- i 44. 

126. Flue Gases from Combustion of Carbon. The 

t:i><*< n'<uiti!it: from tlio combustion of fuels are known 
ill i'likriiuH'riiii: as the pnKiucts of combustwn or flue gases, 
U'causi* thoy aiv tlio gas^^s passing through the flues or 
pas.<ages leading from furnaiTs in which fuel is burned and 
to the -Stacks which sinvo to carry off the gases. 

It has already Ixvu shown that the CO2 formed by the 
combustion of carlK>n has the Siuiie volume as the oxygen 
which is us(m1 in forming it. Therefore, if the air suppUed 
in a given case just equaled that theoretically required 
for combustion to VO2 and if all of the oxygen were used, 
tli(i CX)2 formed would merely replace the oxygen in the 
ail'. The tli(H)n»tical proportions of the flue gas w^ould 
then be 0.21 of (-ih and 0.79 of N by volume. 
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If real flue gases obtained by burning carbon in air are 
ound to contain less than 21 per cent of CO2, the combustion 
i^sts evidently not yielded theoretically perfect flue gases, 
riie trouble may be due to an excess or to a deficiency of air. 
Lf there is an excess of air there will be oxygen present in 
tlie flue gases; if there is a deficiency there will be CO 
present in the flue gases. An analysis of these gases for 
oxygen and for CO would therefore indicate the source of 
"trouble and the remedy to be provided. 

The curve to the right of the central vertical line in 
Fig. 179 shows the theoretical decrease in volume per 

ss 



1 2 3 i 

Fig. 179.— Effect of Air Supply on Flue Gas Analysis. 




cent of CO2 in flue gases as the excess air increases. The 
single numbers 1, 2, 3 and 4 indicate the excess coeffi- 
cients corresponding to the various percentages of excess 
air. 

The curves to the left give the theoretical decrease in 
volume per cent of CO2 and the theoretical increase in 
volume per cent of CO as the air supplied is decreased below 
that theoretically required for complete combustion. 

127. Combustion of Hydrogen. Hydrogen combines 
with oxygen, or burns, to form water. The equation for 
this reaction is 

2H2+02=2H20, (88) 
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which indicates that two molecules of hydrogen combine 
with one molecule of oxygen^ to form two molecules of 
water. In terms of volumes, two volumes of hydrogen 
combine with one of oxygen to form two of gaseous water, 
that is, water in the form of highly superheated vapor. 
As the water is cooled down it will obviously approach 
and finally reach the liquid condition, with a rapid de- 
crease in volume quite different from that experienced 
by a gas under similar conditions, so that the volume rela- 
tions hold only at high temperatures. 

The weight relations can be calculated as in other 
cases, starting from the fact that four weights of hydrogen 
combine with thirty-two weights of oxygen to form 36 
weights of water. The weights of hydrogen and oxygen 
are therefore in the relation of ^ = i- 

The heat liberated when one pound of hydrogen bums 
to water is equal to about 62,000 B.t.u. This is the quantity 
of heat which could be obtained if one pound of hydrogen 
at, say, room temperature, and mixed with the requisite 
quantity of oxyp;en, were ignited and the resultant water 
were then coo1(kI down to the initial temperature. Durini 
the cooling of the xoater it would partly or entirely condense 
and thus give up some or all of its latent heat of vaporimiio^' 
This heat would obviously be included in the calorific 
value just given. 

In many pieces of engineering apparatus in which 
hydrogen is burned the products of combustion are not 
cooled to such an extent that the water is condensed. The 
latent heat of vaporization would not be liberated under 
such conditions, but would remain bound up with the water 
vapor. When the water is not condensed the heat liberated 
is only about 52,000 B.t.u. per pound of hydrogen. This 
number is known as the lower calorific value of hydrogea, 
while 62,000 is known as the higher calorific value. 

Data on the combustion of hydrogen are given in 
Table X. 



CoMBUFTOflk I>ATA ran, Htotckhzk 

CPer jtaamd of maiup ' u 

Product. 

AtMUHm. «nC M.« IjJt J anc . ^te 



Air £«]ui?vd (^lUMntsry o: pTiKm- 



Ptodnet. I I U't»enn*-c 

I Pcnmdfi. I F. md 14.7 Pounds F auc 14.7 



HjO 34 8 



128. CooilNistian of Hydi ota u bons- Maay c»f the fuels 
used by the enpneer contain covtpanrtd^ of hya^:»gi^'t 
and carbon which are called hydiu u u bons. C^e of The best 
examples is mdkane (CH41, which forms the greater jwt 
of all the so-called naturad gas. 

All of these hydrocarbons bum to CO2 and H^O if 
the supply of oxygen is great enough. If there is a deficiency 
of oxygen, combusticMi is incomplete and generally results 
in the f<Mmation of CO2. H2O, CO, C in the form of soot, 
and other products which need not be considered here. 

For complete ccmbustion the requisite ox>'geu and 
air can be determined as in previous cases by means of 
chemical equations. Thus for methane the equation is 

CH4+202 = C02+2H20, . . . ^80> 

which shows that sixteen (12+4) weigh t^5 of motliano 
combine with sixty-four (2X2X16) weights of oxygiM\ to 
form forty-four (12-|-32) weights of carlx^u dioxide and 
thirty-six (4+32) weights of water. 



i;: values. Thus, if cart«ital 
, ' ' . r;Oj with the theoretical csyfi 
^. lu/uld contain only carbon dwrit 
,^.,i,lM'niinr(; of one pound of earliKin (fiosifc 
n-nuii-*'^ ii"»^^>^rit of heat equal to the spwfc 
' ."r/ri' if represents the 

and r ref>resf?nts its specific heat, theamoinl 
' J n''/''"'*'*' temjxjrature of all of theCOi 

iM)rril)Ustioii, th(? temperature rise in degrees wooM 
j;,.„.f„rr Ik' given by 

Temp, rise =j^^, fM' 

if tin* inili;il Icmpeniture had been /o degrees, the jinal 
f^fltt-nifnir would be 

""+Wr 

\ fluid bMiiprnHurr figunnl in this way is called the theo- 
i^fkitl temperature of combustion. It can never be attained 
^■j^ ^MJirih-r luM'.Musr of heat lost to surroundings and l)ecausc 
^.^f s^her lossi^s whivli niwl not be considered here. 

rhi'oreiival lemporatures of combustion are, moreover. 
^sv,l.\ always faU'ulated on the assumption that the specific 
iviy "* ^\f' .;(7N( N- arv^ constants, whereas they i-eally increm 
i'.t I'f »'./»,",:.' , . It tluMvtoro follows that tenipera- 
deieniiiuovl on the assumption of constant sixvifie 
iv'ii'i ^wll Iv too hiiih tor this reason also. 

W ^eu leases are hoau\l there are two distinctly different 
]Ui:''i'^A possibilin^^s; vohnue occupied by the tiase-' 

..tO '^"--ou const ar.: v^v ::\c nivssuiv oxertevl by the cas*.' 

v "..nn V oils: am wlnlo i!-o vo*;i!r.e iiicn\is<^-;. 1: 
iu ii.^v volume all the hoa: aaviod :o the ca^* 



Bn. which H jnd O awienrpeiy Tegnpenr me Tna-Tia& o: 
& pcMind of irrdraeai and {btckl il ou^ im^uuc a: niai^iTs^i. 

The ciloRfit' TBiiier ie ^um. ^ nusnzp^ ramnnmis: tn?- 
Imn, hydrapoL jmd ^mginiir wmikc ttipi i*e inr^ aiinrasL*- 
matehr fay tiir tigiuaafiL 

in which the lerterF ioanc TPsperriv^'v iar "dif iramnn? 

a pound of tsuc^ ctf Tait ^foiieinr- npfseir n. am wund of 
the mixture. SmnLsD^ "ciit- Jinwer fnnccin? T'unit vouid 
l>e (apmasimatd}r 

Lonw B.t.Ti. = ii2.CKKi ! H - ^ ~4il»0S . t*4 

and the a i L> g m rajmred idll l»e 

Pomd^of 0=2fC^^(H-^)-S, . , 95 

131. Tenipentee of CominiBtioaL If oambusnoD of 
any material could be earned cm inside of an ideal vessie] 
which did not afasorb zkor transmit beat, the beat liberat<\i 
during the combn^tkiii eould not escape frcm tbe space 
within the vesseL 

If the Teasel eontained initialhr only tbe conibusiiWe 
and the oxygen or air required to bum it, tbe pnxiuots of 
combustion would be tbe only material contained within 
the vessel after the completion of combustion. Vndor 
such circumstances the heat would be used in raising the 
temperature of the products of combustion, and the prtHx^ 
could be pictured as though all of the combustion ivourixxl 
first, forming the products of combustion without ol^anjjx^ 
of temperature, and then the liberatoil ho^^t raist^l tl^o 
jbemperature of these products. 

£[nowing the weight of each of thesi^ pix>duot,s jvutl 
quantity of heat required to raise the tom|HTi\t\nv of wm 
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pound of each of them one degree, the amount d heat 
required to raise all of them one degree could be found by 
multiplying the two known values. Thus, if carbon had 
been burned in oxygen to CO2 with the theoretical oxygen 
supply, the vessel would contain only csCtbon (dioxide. 
To raise the temperature of one pound of carbon dioxide 
one degree requires an amount of heat equal to the specific 
heat of that gas. Therefore, if W represents the weight 
of CO2 formed and C represents its specific heat, the amount 
of heat required to raise the temperature of all of the CO2 
one degree would be TF-C B.t.u. If Q B.t.u. were liberated 
by the combustion, the temperature rise in degrees would 
therefore be given by 

Temp. rise = :j^„ (96) 

and if the initial temperature had been to degrees, the jiml 
temperature would be 

^ = fo+|^ 

A final temperature figured in this way is called the theo- 
retical temperature of combustion. It can never be attained 
in practice because of heat lost to surroundings and because 
of other losses which need not be considered here. 

Theoretical temperatures of combustion are, moreover, 
nearly always calculated on the assumption that the specific 
heats of gases are constants, whereas they really increase 
unth the temperature. It therefore follows that tempera- 
tures determined on the assumption of constant specific 
heat will be too high for this reason also. 

WTien gases are heated there are two distinctly different 
limiting possibilities; the volume occupied by the gases 
may remain constant or the pressure exerted by the gases 
may remain constant while the volume increases. In 
the case of constant volume all the ^ieat added to the gases 
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must be used for raising the temperature; the amount 
of heat required per pound per degree under these con- 
ditions is known as the specific heat at constant volume 
and is designated by C^. 

When, however, the volume is allowed to increase at 
such a rate as to keep the pressure constant the heat sup- 
plied must not only raise the temperature, but must also 
do whatever external work is done in displacing (pushing 
out of the way) surrounding mediums. The heat required 
per pound per degree under these conditions is known as 
the specific heat at constant pressure and is represented 
by Cp. It is always greater than by the amount of heat 
required to do the external work accompanying a rise of 
temperature of one degree. 

Thus, in the case assumed above, had the vessel been 
so constructed that its internal volume did not change, 
the specific heat at constant volume would be used. On 
the other hand, had the vessel been fitted with a movable 
piston arranged to move outward at such a rate as to main- 
tain constant pressure within the vessel as the temperature 
rose, the specific heat at constant pressure would be 
used. 

In most cases the material burned is not pure carbon, 
but a fuel containing carbon, hydrogen and sulphur, and as 
air is generally used to furnish the oxygen, the products 
of combustion will contain not only the oxides of carbon, 
hydrogen and sulphur, but inert nitrogen as well. The 
temperature rise is determined in the same way, however, 
by dividing the heat liberated by the amount required to 
raise the temperature of the products one degree. Thus 
if TTi, W2f Wz . . . Wn stand for the weights of the various 
products and Ci, C2, C3 . . . Cn for their respective specific 
heats, the theoretical temperature rise is given by 
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and tlie theoretical temperature of cofnbu^on is given by 

if to stancls for the initial temperature. 

PROBLEMS 

1. AHHuine 10 lbs. of C burned to CO. Detennine the quan- 
tity of oxygen required, the quantity of air required, the quantity 
of nitrog(tn in this air, and the quantity* of heat libenited. 

2. What will l>e the volume of the CO formed as above if 
meaKurcd at (V2° F. and 14.7 lbs. pressure? 

3. AKHume 15 Wm. of C burned to COj. Detomine the quan- 
titles of oxygen and air recjuired, the quantity of nitrogen con- 
tained in this air, and the quantity of heat liberated. 

4. A\'hat will be the volume of the COj formed fnun 15 lbs. 
of carbon if measured at 62° F. and 14.7 lbs.? 

5. AMiat will be the volume of the flue gases formed by the 
combustion of 1 1 lbs. of carbon to COj with the theoretical air 
8upi)ly? 

6. Tho, (|uiintity of (.'0 obtained by the combustion of 8 lbs. 
of carbon is burned to CO2 with the theoretical amount of oxj'gpn. 
D(;terniino tho, (|uantities of oxygen and air required, the amount 
of nitrogon contained in this air, and the quantity of heat liberated. 

7. Assuino r> lbs. of C burned in air to CO2 with an excess 
coefficient of 1.5. Determine the quantities of ox>'gen and air 
supplied ^the luiai liberated and the composition of the flue gases. 

8. The composition of flue gases resulting from the combus- 
tion of carbon in jiir is found to be 21% of CO2 and 79% of N 
by volume. What is the value of the excess coefficient? 

9. An analysis of flue gases resulting from the combustion 
of carbon in air shows 12% of CO2 by volume and no CO. The 
gases are not analyzed for O or X. What can 3'ou ssiv \iith regard 
to the air suppl}'? 

10. Three pounds of hydrogen burn with theoretical oxygen 
supply. l)et(?rniine the weight of oxygen and air used, the weight 
of the n;sultaiit water and the weight of the flue gas. 

11. Determine the heat liberated in the preceding problem if 
the water vapor is condensed and if it is not condensed. 

12. How much hydrogen would have to be burned to obtain 
20 " " -/ater? 



of mfit&tiiiif: * iHimeL -inti rccv^i^ az ^prr- ttsl TPacL 
of ak* TitdE htt vseeL. ahl -iciis* "ni p- te- -w^sei:* c T£- tui ra ces' 
li:. Wlac frnoiL »^ "to- Ty rr Em ag^ '-aniTvtsniQ: c zi*r nor 

cttknfir TTiitut of int mazenb ^ ibs^obt c xii- iccniui. xrrf!: 
in tfe tesL. 

tiie cajknafif- Tuiie- of taH^ nist^nb misiii- c iir itimai: inv-«i 
in tht "bed. fisnnmus: tuar ^ Ui^ tt^kl isp£«eii^ 1- n f^amrjinsU'na. 
with IrrdrufseL. 

IT- T»»t prnini* - in* flm^nzii' o ' L ' . ■ jf f.' j recnii?^i t* f amTiifT-^r 
bum 3 Itife- if Tiif iuflt*n:i iieB*:rrit*f\ u Ti*- T»T»*^nnir: Tjmi»f?n- 

in a Trasel m irrmupfL 3*- n Tusim-iv t** lUrvLun" ini-eruii uressui^ 
The ^Kick&i nor of r*- *^ ar fMii^tan- TJiv?i<iii* auc a* ^irdiuar^ 
tempcniXupef if aiMiir rj!!. •' nifTmi* iiKNjmjttsi. T^iui*eTiiTim 
lise azkd liif- imi^KsmuF^ a: mnji-u^Mi. irau!: tut' ^snut n: tik 
sperific lieici and ittammiuc au. mniii. i^nni^^j'iUT^. «v n»*- J 

probleDDu h\n usiu^ xiit -v^ik < jip tii^ <i*?*ciijr^ i»fir i» 
Thi? i? mcipe neachr xiit a^-eraa*: vain* i»: iii* <r»t*cm'- lit*:*"; i»v(!r 
the rao^ <j6 lempessnm- esCTTic n. -^U'rL ^ t-sis^ . 

90. Tlie IrrdnfcaaiKin etiiyieiH if reiirei*eiiT**c: by iih t'ii*»niifa: 
formula C^H^ A«ime tiiai im* ]k»uuc ik iiiif inriieniil if I'Utik^.-: 
in air witiiiii a "rewiBl arrauirec i-. niiuiriuiL pri»duf ';> 
stant presBore and tinn tb*- ex?-*^ fciefficiein if ].?•. D'-it^miiiio 
the theorelica] tenijierBture- ccnunu^tjoL i: ilit iniiiti] ioji*Tvr:i:urt^ 
is 60** the meau «jiwifi(- o: ir (»^. that tif iljO is 

0.61, that of N is OJ27, and tLai of is 0.24. 
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FUELS 

132. Commercial Fuels. In engineering practice 
thing which is combustible and which can be procuiedm 
large quantities at a reasonable cost is called a fud. 
principal commercial fuels are: 

f(l) Coal. 

a. Solid I (2) Wood and wood wastes. 
1(3) Vegetable wastes. 

f(l) Crude petroleum ot natural oil. 
(2) Various products made from petroleum. 
(3) Methyl and ethyl alcohol. 

c Gaseous I Natural gas. 

[ (2) Artificial or manufactured gases. 

Coal is by far the most extensively used fuel because of 
its abundance and relative cheapness in most localities. 
However, in oil-producing regions the crude oil and some 
of the products made from it are more often the commonly 
used fuel, particularly if good coal is not mined in the 
immediate vicinity. 

Wood is, in general, too valuable to be used exclusively 
as a fuel excepting on the frontiers where wooded terri- 
tory is being opened up and where coal cannot be pro- 
(Uirod excepting at prohibitively high cost. Wood wastes, 
on the other hand, are very often used for fuel in the indus- 
t I'ies producing them. 

Vegetable wastes, like wood wastes, are essentially of 
local value, being practically entirely consumed by the 
iuilustries producing them. 
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lapch- 1BK TOT -pipm^ im^durum. m ?snnif innuhif^ 

in thp pciFt- "ait cresr ^rcatcBny atiii?T-»c n: twiuk 
• pis in mucins md th^ in_ii'jij*'c of xbf n> fntr 
aesdr parpoge^ art. jndualr -ermmaiTiiM: ihi- 

irh)EciaJ p&if:# iisT* Dprer t«i. an-ensTCv hj^pc inr th; 
neratioKi ce ^esn^ a^ x: j?- fCTentDy riiwOTr mtt, thf 
oitemk froBL wind: xhe ca^ a^t made, Taiiwr Tiuu: :r 
^mt tbexn in*** ca5 and xher 'u:* bum Tiie OT^ior 
•ofleis. T5bfe randiika: may maiige in the fcmT^r m-her. 
setter maxis^ baro riecL o;»eiiec to iar 2«Lime oif iho b> - 
products vidcii can be obiamed from ardfiraL cas plwT?^ 
133. CoaL Tbe ward raal is uaed as ibe luun^ of 
great groap oi namral fods wincli ransts^i oi Tncw 
less metamorphatipd vnpfieifif rynnoif^ At one cmi v>if the 
gitMjp is the material kncoim as peat, which is or.K <iii:htN 
changjed from the oiieinal \-ecetable suhsranco; 
othn- end is the grapkiiic afiikradU which has \mck'rcvM>c 
such radical metaniofphQsss that practically all of tln^ 
original vegetaUe material excepting carbon aaid ash Ksn 
been eliminated. 

A common^ rougb riassification of the coals in the onKM 
of age, or <rf completeness of carbonization is, 

1. Peat or turf. 

2. lignite (brown or black\ 

3. Sub-bituminous coal. 

4. Bituminous coal. 

5. Semi-bituminous coal. 

6. Semi-anthracite. 

7. Anthracite. 

8. Graphitic anthracite. 

The divisions are not at all exact, as they do|HM\d \m'\\\ \\\\\\\\ 
chemical composition and partly upon pl\ysioal p\H>poi t\<M<» 
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Another classification of a more exact, variety is tW 
given in Table XI and partly illustrated in Fig. 180, ^ 
gives what is known as Mahler's curve. It is for United 
States coals only. The terms used in this classificato 
arc explained in subsequent paragraphs. 




^ Fixed Carl)OD in the Combustible 



Fig. 180— Maliler's Curve for United States Coals. 
TABLE XI 



Classification of Coals 



Division. 


Per cent of 
Fixed Carbon 
in Combustible. 


Per cent of 
Volatile Matter 
in Combustible. 


Calorific Value, 
B.t.u. per Pound of 
Combustible. 


(iraphitic 

Anthracite 

Senii-anthracite 

Semi-bituminous 

Eastern bituminous. . . 
Western bituminous. . 


100 to 97 
97 to 92.5 
92.5 to 87.5 
87. 5 to 75 
75 to 00 
05 to 50 
under 50 


to 3 
3 to 7.5 
7.5 to 12.5 
12.5 to 25 
25 to 40 
35 to 50 
over 50 


14,600 to 14,900 
14,900 to 15,300 
15,300 to 15,600 
15,600 to 15,900 
15,800 to 14,800 
15,200 to 13,700 
13,700 to 11,000 



The graphitic anthracite occurs in very small quantities 
and mostly in Rhode Island. With a few minor exceptions 
the anthracites occur only in Eastern Pennsylvania and the 



FUELS 



£ ^^^i-^tfidmcUef aie ahno^ mtirehr confined to the w^em 

1^ The semi-hiiMmimm* roak are fouiKl on parts of the 
t ^tetem bcHder of what is known as the Appalachian coal 
field, extending from central Fennsytvania throui^h the 
^tennediate States to the northern part of Alabama. The 
&<eater part of this enwmous bed consists of ta^iem bitu- 
minous coal. We^iem hiiuminau^ coals are found in larpe 
in the central part of the United States, principally in 
^'he States <rf Illinois, Indiana and Kentucky on the east of 
the MississipiH River, and in Iowa, Kansas and Texas to 
the west of that river. 

Lignite is found in small quantities in nearly all of the 
Western half of the United States and in large beds in the 
Dakotas, Texas, Arkansas, Louisiana, Mississippi ai\d 
Alabama. 

Peat is distributed in small beds throughout practically 
all of the United States and is continually fonning in many 
marshes and on low-h-ing lands. 

134. Coal Analjrses. Two different coal anah^st^s an^ 
in use, the simpler being known as the proximate analysis 
and the more exhaustive being called the tiltimate analjrsis. 
Both are made and reported on a weight basis. 

The proximate analysis assumes coal to contain four 
different and separable things, which are called ^^JC(f carbon, 
volatile hydrocarbon or volatile matter or volatile, moisture 
and ash. 

Moisture is determined by maintaining a small quantity 
of finely groimd coal at a temperature of about 220^ V. 
for one hour. The material lost during this tinu^ is 
assumed to be moisture only and is reported as such. 
Coal from which the moisture has been driven in t his way 
is called dry coal. 

Volatile matter is determined by heating a saiupN* 
from which the moisture has been driven, or a friNsh sainpl<'. 
The coal is maintained at a red to white heat with cxclu- 
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sion of air until there is no further loss of weight. In 
the case of a previously dried sample the loss under these 
conditions is called volatile hydrocarbon. If the sample 
was not previously dried a separate moisture determina- 
tion is made on a similar sample and the weight of volatile 
is found by difference. 

Fixed carbon is found by combustion of a sample from 
which the moisture and volatile have been driven, the 
loss under these conditions being assumed to be entirely 
due to the combustion of carbon. 

Ash is the name given to the incombustible material 
left behind after determining the fixed carbon. 

The volatile hydrocarbons and the fixed carbon as 
determined in the proxunate analysis are assumed to be 
the only combustible parts of the coal and their sum is 
called the combustible. 

Proximate analyses are reported in three different 
ways: On coal as received^ on dry coal, and on combmtible. 1 

Since the water content of a sample of coal received 
at any plant is largely a matter of the weather conditions 
during shipment, the best idea of the character of a coal 
can be obtained by excluding the consideration of its 
moisture content. It is generally best, therefore, to convert 
analyses to a dry coal basis, that is, recalculate the per- 
centages of volatile, fixed carbon and ash on the assumption 
tliat the analysis was made on the weight cf coal which would 
result from drying the sample that was actually used. Ex- 
cessive moisture is, however, undesirable for steam-raising 
purposes, and the amount of moisture should therefore be 
determined in every case. 

Ash is also more or less a matter of accident in that the 
amount contained is largely determined by the care used 
in mining and subsequent cleaning of the coal. While 
it has a very appreciable effect upon the character of the 
material as a fuel it really has little connection with the 
combustible part of the fuel. For purposes of classifica- 
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case of good anthracite to as hifth as |w (\m^ . 
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and sulphur from 1 to 3 p^r cent, 

136. Calorific Value of Coals. The ojUovifio \«hio 
coals on a basis of combustible hju^ Ihvu shown to \\\v\ 
approximately according to a snu>otl\ o\nvi\ h\\\ tho Ioi»mI 
variations are so great that no giniorally applionMo ftMiunln 
for calorific value has yet boon pn>iM>HtMl. Tho rnthniln 
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in which the letters refer to the weight of the various ele- 
ments contained in one pound of dry coal. 

When an accurate knowledge of the calorific value of a 
fuel is desired it should be obtained by means of a fud 
calorimeter. There are many varieties of this mstrument, 
l)ut practically all operate on the same general principle. 
A known weight of fuel is completely burned within a vessel 
and the heat liberated is absorbed by water or similar 
liquid. From measurements of liquid temperatures the 
heat absorbed by the liquid can be determined, and i 
with some additions for losses of various kinds must be the 
heat liberated by the fuel. 

136. Purchase of Coal on Analysis. Until quite recently 
it was customary to buy coal from the lowest bidder pro- 
vided the material supplied could be made to give satis- 
factory results in the plant. Obviously the purchaser knew 
nothing regarding his purchase, and often bought quantities 
of ash and moisture at the price of combustible. Now, 
however, the larger power plants and many of the smaller 
are buying on the basis of analyses and calorific values as 
detenniiiod in calorimeters. 

A certain desirable standard analysis is set and cer- 
tain variations are allowed from it. Wide variations are 
penalized by deducting so many cents per ton for each 
variation of a certain degree, and, finally, outside limits 
are set for moisture and ash beyond which the fuel need not 
be accepted. In some cases limits are also set for sulphur. 

This is the logical method of purchasing coal in large 
quantities, and is sure to come into very general use as its 
advantages become known. 

137. Petroleum. This material is obtained from drilled 
wells and has ])een found in many widely separated sections 
of the country. The oil wells of Pennsylvania and neigh- 
boring States, of Oklahoma, Texas and California have been 
the most productive and are hence the most widely known. 

Natural petroleum, as it occurs in the United States, is 
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S^nerally a dark, rather thick, oily liquid with a char- 
fitcteristic odor. It varies widely in composition so far as 
tAxe compounds contained are concerned, but the variations 
in ultimate composition, specific gravity and calorific value 
are comparatively small. 

The ultimate analysis of crude oil generally shows about 
83 to 85 per cent of carbon, 13 to 15 per cent of hydrogen 
and small quantities of oxygen, nitrogen and sulphur. 

The specific granty generally lies between 0.80 and 0.90 
and in most cases is nearer the upper figure. It is common 
practice to express the gravity in terms of the Beaum^ 
scale, an arbitrary scale developed for an instrument known 
as the Beaume hydrotneter. This device is arranged to 
float in liquids and measures the gravity by the distance to 
which it sinks. Various corresponding values of the Beaum^ 
scale and specific gravity are given in Table XII for the 
region most used in connection with petroleum. 

TABLE XII 



Corresponding Beaum£ Readings and Specific Gravities 



Beaum^ Reading. 


Spedfic Gravity. 


Beaum6 Reading. 


Specific Gravity. 


20 


0.9333 


34 


0.8536 


22 


0.9210 


36 


0.8433 


24 


0.9090 


38 


0.8333 


26 


0.8974 


40 


0.8235 


28 


0.8860 


42 


0.8139 


30 


0.8750 


44 


0.8045 


32 


0.8641 


46 


0.7954 



The higher calorific value varies between 19,000 and 
20,000 B.t.u. per pound and the lower value is generally 
1000 to 1500 B.t.u. lower. 

Crude oil is sometimes used for fuel, but this is unde- 
sirable, for two reasons. First, the crude oil contains 
many highly volatile constituents which can be distilled 



i£ uud ^wintrL iirpp b in|i xnuliK vahie in the fomi 
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PROBLEMS 

1. A s&nriff^ X ones the foDoving {mximate aiial3rss: 
zLf.^rzr^. -r^:: T'r4anle. 4:25^: fixed caifoon, 80.75^; and 
i^L. I'/'c- EMicTmiiie the pmcnta^ of ccMoibustible and the 
perctri.:.A£»i:< cixcd carboD and of Tolatile in the combustible. 

2. WLit Tsiien- of eoal is indicated by the values obtained 
in IV/r... 1? 

3. TLe foliowine results ^reie obtained in making a proximate 
ariih>i5 a sample of cc«al: moisture. 7fJ^: fixed carbon, 56.7^^; 
volatile. 24.-3^: ash. 12^. Determine the percentage of com- 
bust irle and the percentages of fixed carbon and of volatile in the 
coml ustible. What variety of coal is indicated by these values? 

4. The ultimate analysis of a sample of drj- coal gave the 
following results: carlx)n. 79.12^7:; hydrogen, 4.14%; oxvgen, 
1.84^c: sulphur, 0.92^c: nitrogen, 0.74%; ash, 13.24%. Recal- 
culate these values for an ash-free coal. 

6. Determine by means of Diilong's formula the upper and 
lower calorific values of the coal described in Prob. 4. 

6. The ultimate analysis of a sample of crude petroleum from 
which all water was removed gave the following results: carbon, 
85%; hydrogen, 13%; sulphur, 1.0%; oxygen, 0.25%; nitrogen, 
0.12%; ash (sand and similar material), 0.63%. Determine the 
upper and lower calorific values by means of Dulong s formula. 
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L38. Definitions and Classification. The term boiler 
jnerally applied to the combination of a furnace in which 
may be burned continuously and a closed vessel in which 
,m is generated from water by the heat Uberated within 
furnace. 

Boilers are classified in many different ways, the more 
►ortant being given in the following schedule: 



According to location of] (a) Externally fired, and 



Classification of 



Boilers 



According to form 



(a) 
ib) 
(c) 
id) 



Plain cylindrical, 
Flue, 
Tubular, 
Sectional, etc. 



furnace 




Internally fired. 



(a) 
(b) 



Stationary, 



Portable (as on trucks, 



According to use 



(c) 

(d) 

(a) 



or rollers). 
Locomotive, 
Marine. 



According to direction 
principal axis 



of 




Horizontal, 

Inclined, 

Vertical. 



According to relative posi- 
tions of water and hot 



(a) 
ib) 



Water tube, 
Fire tube. 




9(16 



STEAM POWER 



FitMiiij^iky <jS ixiileiv ol the different t^-pes mentkHKid 

]3>. FmctiaBS of Ptrts. It has been shown that 
hsr 1 vx* fXHeuiiiillT different parts in the apparatus ccmunai 
kucnrxi a^ a steam boiler, the furnace and the bailing m 
A nxuple form of boiler known as a horizoiitaly letum ti 
kr boiler, or an H.R.T. boiler, is shown in Figs. 181 m 
lf<2 mith the two essential parts and their compcnd 



Ash 
Door 



Pi ' CCTi re Regulator 



Sleam 
Docne 




1 




mm 



Fid. ISl. — Soctioiial Elevation of H.R.T. Boiler and Furnai?e. 



iiulicated. The furnace consists essentially of the combi 
tion of grates, bridge wall, fire and ash doors, the ash 
and the space above the grates. It is the function of 
furnace to so bum the fuel that the maximum amoi 
kA heat will be made available for absorption by the wa 
within the lx)iling vessel. 

It is the function of the boilmg vessel to transmit 
0^^^ water within it the greatest possible quantity of 
thus nuHde available and to resist sucwssiully i 



3irr 



^Kmi. JULi'LVIKl. 

renters tr:!X»ncx 
(dots in recinjx»c ir^— 

PprO!XilI]At€' racQCM^*^ 
ombasmn. 

The hat ease? ?^ 
iltin^ from tbe 
ustioQ pas crrcr tiie 
ridge walL akmm the 




)wer part of the bakr Sptm ^imm^A Funaoe « HJLT. Boik? 
hell and then throng 

he fire tubes, or flue?, torad the front ci the boOer as 
hewn br arrow? in the figure. From the front end of the 
iibes the products of combustion piass up through the 
moke box to " breeehings " or " flues, ' which cany them 
3 the stack. 

Heat is reerived by the water within the vessel in tw\> 
ifferent ways: 

(1) The hot fuel bed on the grate radiates energ>' m the 
ime way that the sun or any other glowing body radiates 
aergy. Some of this energ>' traverses the sjiaoe betwtvn 
lel bed and boiler shell and ultimately passes thnnigh ihM 
tiell to the water within. The rest of the radiatiHl oncM>i;y 
asses into the walls surrounding the furnaoo and ht^iH^ 
tiem and the surrounding atmosphere. 

(2) The hot gases of combustion ptuss over tho lu^Hinn 
arface of the boiler, as shown, and tnutninit pari of (hi»lr 



140. Furnaces and Combustion. In 

lH)iler the water within the boiler has pra 
temperature as the steam being genera 
jreiierally from 320** to 400° F. Obviou 
^}^ combustion cannot be cooled by the 
|M*niture 1k»1ow that of the water, so that 
th(» lH)il(T in an ideal case would have 
hi^jh t(Mni)erature. Practically, it is foun 
attempt to rochice the temperature of the 
even approximating that of the water a 
al)0ve, they an* discharged at a temperature 
(lcgr(H»s higher. In order that the max! 
heat may \yo made available for the boiling 
acts of com})Usti()n must therefore leave 
the highest p()ssi})le temperature, and tl 
would completely })urn the cheapest fuel i 
a way as to give this highest possible tem; 
to generate smoke. 

Real furnaces fall far short of this id 
for numerous reasons. The more import 
given in the following paiagraphs: 

(a) Cofnplete Combustion of Carbon. I 
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mtities to bum it completely before all of the surrounding 
4 has been converted into ash and the locality cooled 
^^im .to such an extent as to allow the unhurned carbon 
-^fts midst to cool below the temperature of ignition. 
— Imperfect combustion of the second kind, resulting 
the formation of CO, generally results either from a 
^^Is, of sufficient air above the fuel Ix^d or from an ox(;essive 
^m^mitity of air above the bed. In any furnace there is a 
iiacwlency toward the formation of CO within the l)ed of fuel, 
E3L.^ the deeper the bed the greater this tendency. If the 
t^w-J thus formed meets sufficient air after leaving the fuel, 
if the temperatures of CO and air Ix) sufficiently high, 
i '^irill bum to CO2. Part of the air for what may \ye called 
secondary combustion will always work its way through 
fuel bed, because it is impossible to bring all oxygen in 
air passing through into contact with carbon of the fuel. 
C*Yxe remainder of the air required is generally admitted 
c»lxxx)ugh the fire door and is heated by passing over the front 
C>«tTt of the fuel bed. If too great a quantity of air is ad- 
*¥^itted in either way its temperature may be so low as to 
^Ool the CO below its temperature of ignition and thus fail 
^to accomplish the object sought. 

It has been shown that the combustion of pure carbon 
^ith the theoretical air supply would give gases containing 
^bout 21 per cent by volume of CO2. If the combustible of 
real coal be assumed to consist entirelj' of carbon, the same 
proportion of CO2 would result from ideal combustion. 
Practically, it is so difficult to bring the oxygen of the air 
into contact with the carbon of the fuel that a large excess 
is always used, the excess coeffi(jient ranging from about 
1.3 to over 2 and averaging about 1.5 to 1.7 under very 
good conditions. The latter figures correspond to percent- 
ages of CO2 of 14 and 12 respectively, but a value as low 
as 10, which corresponds roughly to an excess coefficient 
of about 2, is not at all uncommon and is generally regarded 
as a very good result except in the largest plants. 
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' .:r. cheapest fuel available in >uol 
:- - : i2r.*=--t pr.is-ihle temperature and not 

:\;t. : > - : ... i.-.r -hort of thU ideal perfonnanco. 
for ..r.^ rr- r^- i-^i:.-. The more important of the?e are 
j;iv' :. i:. > .>.v.iriK p.ii£i£rraph:«: 

^/ ( omf,'ft*f ^'ntnh>i.'f,'f,ri of Carhnt), In a real furnace 
th*- f-oriifiu-tion rfthf f-.'irbon of the fuel may be incomplete 
in two .-j-n.-f.-: fir:-t. ■.oine of the rarbou may remain entin^ly 
ijiioxidizerl and pa.-:« off with the ash, and second, some of 
tfi<- rjirboii irifiy be l^iirnc^d to CO instead of to C'Oo. 

Irnperfrr-t rombustion oi the first kind can result fnnn 
fuel fnlhuK throu^^h the oix'nin^s in the prate before it has 
Ihm-ii ipnitrd (ir when only partly burned, or it can resuh 
hnni I'nihire to get air to some of the carbon in sufficient 



310 



8TEAM POWER 



(b) Complete CombuMion tf Hydmcarhons. The hydro- 
carbons which appear as vohitile matter in the proximate 
analyj!itis are practically all distilled from the fuel, as it is 
heated in the furnace before ignition in the same way as 
when making a proximate analysiB. If they are to be 
completi*ly burned they must be inbced with the requi^site 
quantity of air after distillation and both the vapors and the 
air must be maintained at a sufficiently high temiierature 
until combustion Is complete. Part of the air for the com- 
bustion of distilled volatile filters through the fuel bed 
and the rest must be admitted througli the fire door or in 
jsome equivalent manner. 

If the flame formed by burning hydrocarbons is allowed 
to come in contact with cold sui'facesj els^ for instimce, 
the heating surfaces of the boiler, the gasea are coolpd 
below the temperature of ignition and combustion cea.^. 
This results in the deposit of soot (unburned carbon) upon 
the heating surfaces of the boiler and in the carr>^ing of 
soot and unburned hydrocarbons up the stack. The soot 
and some of these hydi'ocarbons form the unsightly smoke 
so familiarly associated Tvith some stacks, 

Or^ if the air supply is at a suffiriently high temperature, 
but is insufficient in quantity, tlie hydrcK^arbons are in- 
completely burned and smoke results. 

The fonnatiou of smoke can be conveniently studied 
by means of the ordinary kerosene lamp. Buch a lanip 
operates by burning hydrocarbons of the same general 
character as those distilled from solid fuels. The hj-dro- 
carbons are dra^Ti up by the wick in t he form of liquidss, 
are vaporized by heat near the top of the wick and then 
comhiiif* with oxygen from the' atmosphere to give the 
hiuiintjus kerosene flame. 

If the flow of kerosene and the air supply are properly 
adjusted and if the temperature is high enough, the com- 
bui^tion Results in the fonnation of invisible and practically 
miorlesH gases. If, however, the air supply be decreased 



on eii:sue& The same r^-rsur r»xiiC -.^ iVT^ainrc : v '-i?^ 
" too fcmt a quaxniry of i. r>iiidiUGE- oihr?!. sLr::ii:*e»c 
hen the snpfinr of kzPDsene n. Tirr : viw. ,x -rirr ami ztiiiio^ 
shausted. 

The efferi of a rtiid ?=ariaifr -i-iiah- r*y ns^-nns: 
cold meCAlfic cr parreisiL rTiriair^ nii< lirr tii of ti*?: ^sam^ 
nd then inthdxBviiie h. 1' wiL iounc rov-eavc wrd. 
oot. 

MLS heen sbown thai ext^e?^ air miiraraLnr nererftaarr in 
the real fumaee in order "i-c in^^iire aicain^r :. deficiency ai 
any ix>int. and ii is ihu^^ adr-aii'sifp^^uf il I'mx". h utake- \he 
combustion more ne^i^ ctiniiiie;^ 'uht, wr.uki cniierwise 
be the ease. On tbe <:*iber ii*aid. ex-.-v^i- i*ir iepiet*in^ juT?t 
so much exeeas mateiiaj i<» V»e ije&i-t^d expeu?** of beai 

liberated by combustion and ii™i'«e dtH-reai^e? ilie maximum 
temperature attained. A riufficiemly ereai supply of exces? 
air could so reduce tbe lemperatiire \h&\ eren if eombu*- 
tion were complete reiy link- beat wf»uld l»e made available 
for absorption by the boilinE vessel, liecause tbe temperature 
attained by the products of wmbustion would be too low. 

Excess air in large quantities may also result in coolinp 
unburaed gases before ccmibustion to such an extent as to 
make the ccmpletion of combust ic»n impossible. 

141. Hand Rring. The conmionest t^-pe cf furnace is 
that shown in Figs. 181 and 182, and the conmionest method 
of hand firing consists in spreading a layer of fuel as evenly 
as possible over the entire surface of the fuel bed as often 
as required to replace the fuel burned away. At such inter- 
vals as experience shows to be necessary- the fire is cloancHl, 
that is, the ashes are worked out from under the fuel by 
means of shoe bars, so that practically nothing but livo 
fuel resting on a thin layer of ash remains behind. 

This method is open to many serious objootionM; tl\«* mon* 
important are: 
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1. There is a gradual increase in thickness of fuel bed 
from the time of one cleaning until the time of the next 
This gives a constantly changing set of requirements for 
the proper proportions of air entering below and above 
the fuel bed and a constantly changing resistance to flow 
of air through the bed, so that great skill is necessary if the 
best conditions are to be maintained throughout. 

2. There is always a tendency for a fuel bed to bum 
faster at some points than at others, due to the accidental 
distribution of fuel, ash and air. Where holes " are 
foniKHl in this way large quantities of comparatively cold 
air can pass through with the consequences already enumer- 
ated. It takes considerable skill and watchfulness on the 
part of the fireman to prevent the formation and continued 
existence of such holes. 

3. The firing door must be opened wide every time 
that fuel is to be fired, that is, at intervals varying from two 
or three minutes to fifteen or more, depending on load, 
character of fuel, etc. While the door is open large quanti- 1 
ties of cold air readily flow into the furnace and cool down 
all parts of it, and a j)roportionately smaller amount will 
ordinarily pass through the fuel bed. The result of this on 
the flue gas(^s and operation of the boilers has already been 
considered, but there is another result of equal or greater 
importance. As a consequence of this action the volatile 
hydrocarbons distilled off from the freshly fired fuel, which 
are thems(^lves at a comparatively low temperature, are 
surrounded on all sides by cooled walls and come in contact 
with cold air only. The chances of their burning completely 
are very slight, and a great part of these volatilized materials 
passes off unburned as invisible gas and as smoke. Ob- 
viously the greater the volatile content the greater the dif- 
ficulty, so that anthracite causes least trouble in this way. 
while most bituminous coals give heavy black smoke wher 
burned under these conditions. 

The cooling down of the interior of the furnace during 
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&ring is accompanied by the covering of the fuel bed with 
cold fuel, so that, for the time being, very little radiant 
lieat enters the boiling vessel, and the gases which come in 
oontact with its surface are comparatively cool. The 
^aaaintenance of a constant steam pressure under these con- 
ditions is practically impossible, but the difficulties can be 
partly overcome by very frequent firing of small quantities, 
so that the door is open a very short time and also that the 
layer of fuel is very thin and does not cut off much heat. 

4. The cleaning of the fire necessitates keeping the 
fire door open for several minutes, with results of the same 
variety as those just enumerated. 

Summing up these difficulties, they divide themselves 
into two classes — those which can be almost or entirely 
eliminated by skill of a very high order and those which are 
inherent and cannot be eliminated by skill. It will also 
be observed that all should give more trouble with fuels 
high in volatile than with those of the anthracite variety, 
both as to incomplete combustion and to the formation 
of smoke. 

Several other methods of hand firing have been proposed, 
particularly for use with bituminous coals, and some of 
them have been successfully utilized in isolated instances. 
Nearly all depend upon covering only part of the fuel bed 
at one time and, by alternating the parts covered in this 
way, fresh fuel on one part of the bed is coked while air is 
heated by coming in contact with the uncovered incandescent 
part of the bed and is therefore in proper condition to burn 
more perfectly the volume of hydrocarbons being distilled 
off. These methods are all good, but they involve a great 
deal of careful work and a high degree of skill on the part of 
the fireman. 

Other methods of eliminating some of the difficulties 
depend upon modifications of the furnace and air supply. 
Most attempt to entirely surround the fuel and the gases 
given off with heavy masses of brick work and tile, so that 
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coked eoal m brifjhtly incandescent and little volatile 
tnalter is present. 




Fia. 183. 



In mnm Imiul-finMl furnaces which are intended for u^c 
wiih liitiiniinoiis etjjii^ that f^ive a long flame tlie parts of the 
ImmUm^; vi^ssd wilhiu ran|2;c of the flames are covered with 
H\m> Thin prevents iinpingranent of unburned gases upon 
Oiiol hurfaces nml tlius tciidn to prevent the fomiation 
uniokc 40 h1 iiicoinplt^te cnnibustiou. 

rnrryiiijt Hiis piinci(iie to its logical conclusion resul 
[\\ ihi^ (nwhillulUKi ivf tlic grate in a firebrick chamber 
bout of iUx^ U>ilcr*s**lling proj>t*r, as ^sho\\Ti in Fig. 
fiwAy (I tievitv m known as a Dutch orm and is often ve 
Hlli^i**nl in tohdiy or partiaily preventing the fonnation 
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lamoke. It does not, however, give as high an economy 
iLS might be expected, because a great part of the radiant 
bLeat of the fire does not reach the boiler surfaces and because 
blue large external surface results in great radiation losses 
to atmosphere. 

Another interesting modification consists of reversing 
"the direction of the draft, that is, the direction in which the 
^ir passes through the fuel bed. The type of furnace al- 
'^ady described is known as an updraft furnace , because the 
^ir passes upward in flowing through the bed. The modi- 
fied type here referred to is called a downdraft furnace, 
t>ecause the air flows downward in passing through the fuel. 

In downdraft furnaces the coal is fired on top of the 
grate as in other types, but the air is admitted above, flows 
downward toward what would normally be the ashpit, 
and from there on over the heating surfaces of the boiler. 
Tresh coal fired on top of the incandescent bed in such a 
furnace distills as in other types, but the volatiles are mixed 
with the entering air and are carried downward through the 
hot bed so that ideal conditions for combustion are more 
nearly attained. In some forms there is a second updraft 
grate beneath the downdraft grate. This second grate 
receives partly burned coals falling through from the upper 
grate and holds them until combustion is practically com- 
pleted. 

In downdraft furnaces the grate bars are generally made 
of pipes, and water, from the boiler or on its way to the 
boiler, is circulated through them. If this were not done 
the grates would quickly warp out of shape and ultimately 
burn away because of the high temperatures to which they 
are subjected. 

142. Mechanical Grates. In order to overcome the dif- 
ficulties arising from opening the doors for the purposes of 
cleaning the fire, numerous so-called rocking, shaking, 
self-cleaning, or dumping grates have been developed. 
These are generally built up of grate bars which have a 
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mqgli T orsn mY«rtp4 L section with the upper homooH 
baadi ef tlie T or mi^ertetl L slightly rounded, fis sbanni 
Fig. ISi. Tbese bars are arrangied in groups with 
]otiglt udiiial axi^ ruiming ficross th^ grate, and they I 
supported that they can be rocked about a point in the J 
cal leg of the T or L bj^ means erf levers located at the 
of the boiler. By rocking the bars the lower part of th 
bed which ha3 been burned to ash can be dropped into i 
mh pit J while the upper part is sufficiently agitated to dic 
up holes which may ha\'e formed^ and this can all be \ 




Fig. 184. 



with tlvo floorB doused. Or, if desired , part or all of the fuel 
hi*d vnn Ijc dropped into the ash pit by a similar rocking 

143* Smoke and Its Prevention, An idea of the reasons 
for i\iv frti liinliiHi ii( siiiokr will have lieen obtained from the 
piHHHMliuK pani^niphs, A reasonably skillful fireman should 
lit t le iliflii'ulty iu Ininiinp; finthracite coals in the simpler 
ixmm %4 funiiU'cs wiltuHit smoke, Init it is almost impossible 
\i\ iHUiuuoiTially burn many of the varieties of bituminous 
vmU \\\ Hii^H way withnul the formation of excessive volumes 
o( tlviif^r \\h\vk wnoke at intervals immediately follop 
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Aside from all aesthetic and sanitary considerations, 
**^oie is undesirable because it represents poor furnace 
^^HicJitions and waste. The actual loss of carbon in visible 
"•^oke is generally almost negUgible in comparison with 
'•^^ other losses in the form of unbumed hydrocarbons, 
lowered initial temperature, etc. All of these losses 
Combined represent a waste of considerable magnitude. 

The proper method of smoke elimination is not the 
Combustion or removal of smoke already formed, but it 
^ the burning of fuels in such ways as not to form any 
appreciable quantity in the first place. To accomplish 
"^bis end the following must be achieved: 

1. Coal must be fired continuously and uniformly 
"^thout the opening of doors which admit cold air to the 
^ximace. 

2. Volatiles must be distilled continuously and uni- 
f onnly and in such a place that they are given ample oppor- 
tunity to mix with proper proportions of air and to burn 
completely before coming in contact with cool surfaces. 

3. The air supply must be properly controlled and 
tempered to meet the demands of the fuel both in and 
above the bed. 

4. The fire bed must be worked continuously and 
uniformly so as to eliminate ashes as rapidly as formed 
and to maintain a bed of uniform depth and condition. 

Some of these necessary conditions can be attained by 
the use of the various forms of hand-fired furnaces already 
described but, even in the hands of skillful and industrious 
men, it is impossible to meet all of them. Mechanical 
stokers which more nearly approach the ideals set have 
therefore been developed and are widely used. 

144. Mechanical Stokers. These mechanical devices are 
useful for two reasons — ^they eliminate a great deal of labor 
and they make possible the burning of many varieties of 
refractory fuels without the formation of excessive quanti- 
ties of smoke. 



Despite the good results whicli can be achieved 
their use^ mechanical stokers are not installed in stu.h 
plants often as might Ix^ expected. TMs is beiaiiH 
good stokers are ver^" expensive in comparison with hau<i- 
fired furnaces and^ despite economy of fuel, do not generallv 
show a financial sa\ing unless their use eliminates the 
services of several firemen. 

It is generally assumed that one man can care for water, 
coal and ashes for about 200 boiler hoi'sc*- power or can 
handle coal only for about 500 boiler horf3e*power. Expe- 
rience has shown that one man can care for about 2000 to 
5000 boiler horse-power when the boilers are equippetl with 
good stokers and coal-handling apparatus. 

Financial calculations will generally show stokers to 
be profitable investments for plants of 2000 or more boiler 
horse-power. Where they are installed in smaller plants, 
the absolute necessity of eliminating smoke or the use of 
very poor varieties of coal have generally dictated their use. 

Mechanical stokers can be roughly divided into two 
tj-pes, those which duplicate hand spreading of fuel ani^ 
are known as sprinMer stokers, and those \^'hieh supply 
fuel at one or more points and work it progi'essively toward 
the ash end of the apparatus as it bums. The first type 
has not been widely installed, though it is possible that 
it may meet with more popular approval after further 
development. 

Htokers of the second type may be roughly divided 
into five classes^ which are 

1. Chain grates. 

2. Inclined stokers. 

3. Underfeed stokers, 

4. Combinations of above- 

5. Powdered coal stokers, 

A chain grate, as made by the Illinois Stoker Company, 
is illustrated in Figs, 185, 186, 187; and 188, It consists 
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of a broad chain made up of a great number of small 1 
and carried on toothed wheels and roller wheels supp 
in a frame which can be wheeled into position within! 




Fig. 186. — Sprocket and Links of Illu^i& Chain Grate. 





TOP VIEW OF CHAIN 

SHOWING DISTRIBUTION OF AIR SPACES 



BOTTOM View OF CHAIN 

SHOWING ROLLERS FOR DRIVING-SPROCKET 
ENGAQEHENT 



Fig. 187. 

boiler setting. The general arrangement of the chain and 
rollers is shown in Fig. 185; details of the front or driving 
rollers and of the links are shown in Fig. 186; a top and bot- 
tom view of part of the chain is given in Fig. 187; and 
Fig. 188 is a perspective view of the frame showing the 
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■bIeb cm which it may be rolted into and rat of boiler 
■ting. 

The cham is driven fdowiy in the direction indi^jatod 
^ liie aiTowB in Fig. 185 by power applied, thToi^h worm 
wing, to the shaft of the toothed wheek at the front 

the st<^er. Coal feeds automaticalh^ from tlie hopper 
^ gravity and k carried into the combustion «pace by 
w moving ciiain, the thickness of the bed being controlled 




Fig. 188,— Framew^^k of XUinois Chain Grate. 



the height of the adjustable gat43 shown. As the fuel 
nters the furnace it passes under the coking arch, which 
pans the entire front part of the grate and which is inaiti- 
ained at a high temperature by heat radiated from the iti- 
andescent fuel nearer the inner end of the grate. The 
olatiles are distilled from the fresh coal by heat rcccivoil 
rom this arch and are heated and mixed with air at this 
>oint. The coked fuel is then carried on into tlir furnncc 
nd burned, the refuse being discharged at the bridge wall. 

If the thickness of bed and speed of chain trav(»l are 
Toperly adjusted, all of the fuel can be cokcnl before ]mm- 
ig out from under the arch and can l)e lairned ahnont 




The apron shown at A in Fig. 185 is used to prevent 
the free passage of air to the part of the chain carrying 



STEAM BOILERS 



323 



t;;^ ^tically nothing but ash, as this would result in excessive 

^^'ution of the products of coml)ustion. 
^ A stoker of this type installed under a horizontal return- 
^^bular boiler is shown in Fig. 189. In the illustration part 
^•"f the side frame of the stoker is broken away in order to 
^liow the chain and its roller guides. The eccentric shown 




Fig. 190. — Details of Feed Mechanism, Roney Stoker. 

near the top of the front of the boiler drives the chain 
through an arm of adjustable length, which makes possible 
the control of the speed of chain travel. 

An incUned stoker with front feed and a step grate, 
known as the Roney stoker, is shown in Figs. 190 and 191. 
The fuel is fed out of the hopper and onto the dead plate 
by means of the reciprocating pusher. From the dead 
plate it is pushed down upon the grate bars by the follow- 
ing fuel. These bars are rocked mechanically so that their 



Fig. 192. — Transverse S.rlioii oi tlio Muvpin Stokoi- 



and the coked material is praotioallv ooiu]Oolrl\ Innm il 
by .the time it has travolod down tlu» p;r;Ho. Tlio nuImIiIi • 
are mixed umler the cokmj? i\rc\\ with IhsmItiI ;mi wlm li Ipi ■ 
passed through thi> grato aiul \\\\\\ \\ri\\r\\ t\\\ Imnil in 
above the fuel by stoam 

An irclined stoker of llu* si(l(*-f«'<'<l Iv)m- \miIi Ii'h fMih - 
known as the Murphy sl-okrr, is illin'l im1« 'I in lif- I"' 
193 and 194. This siokcT in provnN'l '.vHli » "."I 
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in9|£:i?;inf!B or hoppers whivh arc placed homontaUyt 
tli(* 8idc walk of tho Imilor st^ttiiitt and feed fut*] fjnlot 
inclined ^rate hixm, Fij?* 11^2, which carry it downt 
toward (Ik* Itiwer ]K*int of the Y fomied l>y the 
Thv p^te bill's, Fig. arc alternateb' fixed audi 
abk| the movaMe bars l)eiiig hung from alx>ve and I 




Fig. 11*3. — LonKiiudi nal Section, Mun^iiy iStoker* 

lower ends being moved up and down by power fumiflhed 
by a small steam engine 

A trK>thed l)ar arrangetl for rotatif.in l>y hand or b}* pawei 
is loeatcil at the l>ottoni of the V and Ls useti for grindinj 
up ash and t-linker winch is too large to fall through inti 



hoU air is^ TUBranrrr icnnii mmmL . 

TTie IiiTAiiDK * ne- '«nc -art j*l Knitt 




eCKi^ "shsf: ^'^iML UllW ii", ^L: LI' "llr- -^-i^iun Si *J;>. f 

ptEb c»r*r inra 11*- iir-im^i srrti'*^ inirv Tin "*:v-j^\^ivrw.n^ 



able, the movable bars gliding back and forth at rigbt an^ 
to the trough under the action of horizontal rockmg 




bars R. This action gradually feeds the fuel downward 
and towarfl the side of the furnace, the refuse finally land- 
ing on the dumping trays sbowTi. 
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-A^ir enters the duct below the trough through the 
-i"iListable gate G, controlled by crank C, and part of it 
> yao es out through holes H near the top of the trough 
LMg> 197. The remainder passes down through the hollow 




Pig. 199. — ^Taylor Stoker Under Horizontal Water-tube Boiler, 



grate bars and into the healed air box fronr which it flows 
upward between the grate bars. 

It will be observed that the coal is fed onto the grate 
from below, so that all volatiles distilled off must pass up- 
ward through the incandescent fuel before entering the 
space above the fuel bed. Part of the air which is to burn 



1.1 



M.' 



' ■' '.- .mac 

f • 'ii* ii-siT'*-:. Tin 

• • V: '/.srrtAM. Thfr ''y.rSii spreads 
V. .'.]'..'. fofTii th<.^ inr-liue-i Top? oi 
''..•hj.- :i '.-'^iXipjirativrrly even, inclint'd 



ijij'i^r tlji' iiir;jirHl(fScent fuel which 
f«/iiii. ii|/p< J -li/l.-i/f: oi Uii.s ljiy<^r, and the volatiles 
ml/. .Mill .III iiii»iif,j.» ihroiijfh lh(^ hoi tuyeres and pass 
U)i\\iiiil Miiiiii|/h llii- hot fuel ahovf*. 

lit Mil.' fliil'i I .mIviimIm^m- is ofl<'n taken of tlie fact that 
Ihr (h.ill ( j.ir.-i.uiM- ul .lir) rcMHiircd witli umlerfml stokers 
if^ . u ^Mr.il Ih.il il i Im' imiR' cconoiuirally attaineil by the 
M. i m[ :\ i.iii ih.-iii li\ Ihr UM» a slack. The fan and the 
i'»»:d Urdiiu! |ihini'.«Tr; :\\'\^ \^o[\\ I'onnecled to one eniihu- 
Miitl ihi- ^\\\K'A i»l iln?^ rm^uir i*^ ;iiiii»n\:uically con::\ ".t : ' y 
ih*' •■w.mi iMx"-' \ur w II I'll'. :\' ':-v*".'.i'r. As :! *.> vri 
detir.r..* - il.v- K'l'.i^r.'.v' . . .■.v^r.v.i v . . ... 

and III .-^ ;^v' ,*^\ n>;:i\* 'v..>.> " ; . :".^^v.; < . " ^ : 
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variation of both is thereafter in approximately the same 
"proportions. 

A stoker of this type in position mider a horizontal 
vat"fcer-tube boiler is shown in Fig. 199. A double-ended 
i*nra.ngement of Taylor stokers as used under very large 
sw^a."ter-tube boilers is shown in Fig. 200. 

Powdered-coal stokers have been invented in great 
mxnaber and are successfully used in several of the indus- 
t^ries. They have not, however, been extensively used 
binder steam boilers, although isolated installations have 
l>een reported as giving satisfactory results. 

In all cases, bituminous coal is crushed to a fine powder 
and injected into the furnace with the necessary air for com- 
bustion, the air under pressiu'e generally being made to 
naechanically entrain the coal dust and carry it into the fur- 
^^e. The mixture of fine coal and air gives an intensely 
hot blow-pipe type of flame, and firebrick and tile are 
generally used to prevent it from impinging directly upon 
inetallic parts. 

Oil firing is essentially a mechanical, rather than a manual 
process, and while oil burners are not ordinarily under- 
stood as belonging to the class of mechanical stokers, they 
have all the essential characteristics of such apparatus. 

To burn oil successfully imder a boiler it must be finely 
atomized and mixed with the necessary quantity of air, 
and there must be sufficient open space within the furnace 
for the free development of the flame and the completion 
of combustion before impingement on cool surfaces. 

Oil-burning furnaces are generally given a rather large 
volimie; considerable firebrick is used in such ways as to 
give incandescent walls and baffles to assist ignition and 
combustion, and all heating surfaces are arranged so that 
they are not in the direct path of the flame. 

The atomization of the oil is effected in two distinctly 
different ways. In some forms of burners it is brought 
about by mechanical means, the oil being pumped through 




I. IMMK I hiuMtwMultHl Armngoinont of Taylor Stoker under Sterl 

W. Boiler. 
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a nozzle of some sort which is so shaped that the issuing 
jet breaks up into a great number of very small particles. 
In other forms, steam is used to break up the jet, the steam 
and oil entering the body of the burner separately and later 
coming into contact in such a way that the oil is literally 
torn apart by the steam. This form of burner has been 
more extensively used in the United States than has the 
former. 

Oil burning shares with the burning of powdered coal, 
the property of permitting very accurate regulation of the 
air supply to suit the quantity of fuel being burned. The 
excess coefficient may therefore be maintained at a low value 
and the initial temperature may be made correspondingly 
high. Part of the advantage thus gained over the com- 
moner methods of coal firing is, however, counterbalanced 
by the quantity of steam used for heating and pmnping the 
oil and for atomizing in some forms of burners. 

Both oil burning and powdered-coal burning can be 
easily made to give smokeless combustion in properly 
designed furnaces and both yield readily to forcing. That is, 
the temporary consumption of excessive quantities of fuel 
to tide over short demands for excessive amounts of steam 
is comparatively easily effected. 

145. Rate of Combustion. The rate at which coal is 
burned in a given furnace or on a certain grate is generally 
given in terms of pounds of coal fired per square foot of grate 
surface per hour and is referred to as the rate of combustion. 

The rate at which coal can be consumed is largely 
dependent on the intensity of draft available, that is, on 
the air pressure available for driving air through and over 
the bed of fuel. The higher the pressure available, the 
greater will be the quantity of air which can be supplied 
and the greater will be the quantity of coal that can be 
burned. If it were not for the cost of creating the draft, 
the only limit to increasing the rate of combustion would 
occur when the velocity of the air became so great that the 
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fuel would be picked up from the grate and carried 
onward into tiie flues in a partly burned condition. Com- 
mercial drafts give pressure differences above and below 
the fuel bed which range from about 0,1 inch of water to 
as high as 8 ins. In stationarj^ plant^s the pressures generally 
range from 0.1 to about 0-5 in cases where hand firing is 
employed, and are carried as high as 5 or more inches 
of wat«r with some forms of mechanical stokers. 

The best rate of combustion varies with the type and 
size of fuel, the type and Ssize of furnace, the type and size 
of boiler, the draft and many other considerations. In ordi- 
nary power-plant practice the rates of combustion com- 
mercially used generally fall within the following limits: 
w^ith anthracite, 15 to 20 lbs. per square foot per hour; with 
seini-bituminousT 18 to 22 lbs,; and with bituminous^ 24 to 
32 lbs. There is a rapidly growing tendency to exceed these 
values, particularly in the case of large plaots. 

As practically all of the volatile is consumed above the 
gi^ate, the fixed carbon content is practically the determining 
factor, since it is this constituent that is burned on the 
grate « This explains the high rate possible witii fuels with 
high volatile content. The most economical revsults are 
generally obtained when from 12 to 16 lbs. of fixed carbon 
are consumed per square foot of grate per hour. 

The figures given above do not represent Uniiting con- 
ditions. In torpedo-boat practice, where high-draft pre^ 
sures are used (from 4 to 8 ins. of water) ^ rates of from 50 
to 120 lbs. are attained. On locomotives, w^hich also use 
high-draft pressures, rates of combustion greatly in excei?s 
of stationary practice are generally used. 

The capacity of a given boiler, that is, its abiUty to 
generate steam, increases as the rate of combustion is 
increased, since moi^ heat is thus made available. The 
economy of the combination, that is, pounds of steam 
generated per pound of coal fired» increases until some Ix'st 
rate of combustion for the fuel in question is reached, and 



STEAM BOILERS 



337 



thereafter decreases. The variation of economy is, however, 
not very great for a comparatively wide range of combustion 
on either side of the best rate. 

Curves giving approximate draft pressures required fc:' 
different rates of combustion when different kinds and sizes 
of fuel are hand fired are given in Fig. 201. The sizes 
referred to are explained in Tables XIII and XIV. Table 
XIII also shows the relative increase of ash content as the 




6 10 15 20 25 30 36 iO 45 69 

Pounds Of Coal per S<i. Ft. of Grate Surface per Hour 

Fig. 201. — Draft Required for Different Rates of Combustion with 
Different Sizes and Kinds of Fuel. 

size decreases, there being a tendency toward the concen- 
tration of the ash in the smaller sizes. 

146. Strength and Safety of Boiler. Attention has 
already been called to the fact that the boihng vessel has to 
be designed with two different requirements in view: it 
must be mechanically strong to resist internal pressure and 
it must transmit the maximum amount of heat to the con- 
tained water. 

Spherical and cylindrical surfaces with the pressure act- 
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TABLE XIII 
Sizes of Anthracite Coal 



(Sizes larger than pea coal generally too costly for power-plant iMe.) 





Through Screen 


Over Screen 


Ash Content 


Name. 


with Mesh. 


with Mesh. 


(Average). 




(Inclusive.) 


(Inclusive.) 


Run of mine 


unscreened 


unscreened 








2i 




Egg 


21 


2 


6 




2 


li 


10 




li 


3 
4 


13 


Pea 


1 




15 




i 


1 
4 


17 


Buckwheat No. 2 or rice. . . 


1 
4 


i 


18 



TABLE XIV 
Sizes of Bituminous Coals 

(Con»idcrable variation in commercial practice in naming and sizing.) 



Name. 


Through Bars 
Spaced Apart. 
(Inches.) 


Over Bars Spaced 
Apart. 
(Inches.) 


Lump 




u 

3 
4 


Nut 


u 

3 
4 


Slack 





ing on the inside of tho curves are best adapted to resist 
such pressures, as they ah-eady have the shape which the 
pressure would tend to p;ive them. Boilers are, therefore, 
constructed as far as possible of vessels having only spherical 
and cylindrical surfaces. 

Flat surfac(\s which are poorly adapted to resist such 
pressures as act within a boiler must often be used despite 
their weakness. When incorporated in a boiler they are 
invariably stayed," that is, braced hy being fastened to 
other surfaces by stay bolts and other forms of fastenings. 
Examples will be given later. 

Most of the early designs of boilers and many of the 
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modern types consist of large cylindrical vessels made by 
riveting together properly shaped steel plates. These shells 
are often traversed from end to end by flues or tubes for 
carrying hot gases and generally have flat ends more or 
less perfectly braced by these tubes and by long tie rods 




. Fig. 202— Lap Join . Fig. 203 —Butt .^trap Joint. 

and other braces. Such boilers when in operation are almost 
entirely filled with water and often hold many tons. 

Boilers of these types have been responsible for many 
disastrous boiler explosions, and this fact has led inventors 
to the development of models which should be less dangerous. 
It seems practically impossible to develop a commercial 
boiler which cannot be made to explode to a certain extent 




Fig. 204.— Riveted Plates of Boiler Shell. Fig. 205. 

if sufficiently mistreated and mishandled, but much can be 
done to minimize the danger. 

The great weakness of the older forms Ues in the riveted 
joints, which can never be made as strong as the plates 
which they fasten together. Two types of joint are in use: 
they are known respectively as the lap joint and the butt 
strap joint. These are shown in Figs. 202, 203 and 204. 
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80 far m a rireumfett>ntial seam, that is, one running ammi 
the rvlinder iis shown in Fig. 204, is concerned^ the lap joint 
is iK?rfet'tly satkfactory and is universially used. With 
longitutlinal seams , however, thb is not the case. A lap 
joint throws the joined edp,cs out of a tnie cylindrical 
surface as shown in Fig. 205, and when the vessel is subjected 
to pressure there vnW be a tendency for the plates to assume 
a cylindrical contour as nearly as possible. This causes 
local ix^nding of thu plates od each sitle of the lines of rivets, 
and the continued repetition of this action ultimately causes 
failure. The conditions are often niatie still worse by calking 
the joint on a line indicated by in Fig, 205, that is, by 
hammering the metal at the inner surface of the edge of 
the outer plate into firmer contact with the outer surface 
of the inner plate foi- the purpose of making a tight joint, 

The butt-strap joint can obviously be made so that the 
joined plates more nearly form a true cyMndrical surface. 

Other weaknesses of the older fonns lie in the flat surfaces 
used; in constructions which render it possible for sediment 
to collect on heated surfaces and thus permit local ovc 
heating: of the plate; and, above allj in the very large 
quantity of w^ater contained. 

The disastrous consequences of boiler explosions ^ 
generally due to the action of the hot water contained within 
the boiler and not to the steam contained at the time rupture 
occurs. The w^ater within the 1>oiler is imder steam pressure 
and approximately at steam tcmpcratuiT. Removal of the 
pressure by ruptum of the container would enable a great 
part of tliis w^ater to flash suddenly into steam at tliP 
expense of its own heat^ and this is exactly what occurs in 
the case of a boiler explosion. Local failure causes a sudden 
lowering of pressure, and this results in the formation of 
large volumes of steam which, blowing out through the 
initial fracture, tend to enlarge it, to move the boiler and 
snrrounduigs^, and, in general, to do all possible to furt 
the rupture and make conditions worse. 
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FrcMn the preceding discussion the requirements for 
fnaxinuini safety can be deduced. They are: 

1. The smallest convenient diameter of cylindrical x'cj*- 
sels, so as to decrease the total load on joints for ai\>" 
given steam pressure. 

2. The elimination of the greatest possible number of 
riveted joints and the use of butt-strap longitudinal joints 
on all large-diameter, cyUndrical vessels. 

3. The substitution of curved surfaces for all flat stAyinl 
surfaces. 

4. So shaping the boiler that the required extent of 
heating surface may be obtained without enclosing a groat 
volume to be filled with hot water when the boiler is 
steaming. 

5. So shaping the boiler that such water as is contained 
therein will be divided up into small masses contained 
within separate vessels connected in such a way that rapid 
flow of all water toward one point of failure is impossible. 

6. So shaping the boiler that no riveted joints shall be 
in the paths of flames and that no sediment can collect on 
metal immediately over flames or exposed to very hot gases. 

7. So shaping the boiler that it shall 
be free to expand and contract with 
changes of temperature, with the least 
resultant strain on the different parts. 

These various requirements are most 
nearly met in the different forms of water- 
tube boilers, some of which will be de- 
scribed in succeeding paragraphs. 

147. Circtilation in Boilers. If a flask 

of water, such as that shown in Fig. 206, ^y^' ^^.^ ""ir*'"""" 
, . , . 1. . 1 .1 lation in a Flask, 

be heated m the manner mdicated, the 

water will gradually acquire motion and follow paths 

such as those shown by the arrows in the illustration. The 

heated water will rise in the center of the mass and the 

cooler water will flow downward around the outer 




Such motion is callrd circulation. Rapid cireulation within 
a [toiler If very clesiral^le, since it l^rinKi?? tlu> njiixiinum qnnn- 
tity of water iti contact with tlie heating surfae(\«i in a given 
time and hence tenuis to incn^ju^^ the amount of heat taken 
from tliosc jiurfat'CH. It also tends to *sw(H*p along any 
bijl>bles of *>teairi or gas fomieil on such surfaces and tu carn^ 
away any sc*diment which mny have collectecj, tlma pre- 
venting overheating of the surfaces. 

Circulation can Ite expedited by providing free an*l 
unrestricted paths for the water so as to guide it in the 
proper dim'tionf? an<l by applying the most intense heat 
at the proper iKjint along the path of the water. The tem- 
perature of the water which is eubjeeted to the most intense 
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heat h naturally raided and the water at that point l)efonie8 
less dense than in other parts of t lie boiler. The fomiatian 
of steam at such points also materially lessens the density. 
As a result of this lowering of density the heated wuter 
rises and the cooler water descends to take place. The 
more rapid this exchange can be made, the more steam <:ftD 
be generated from a given amount of surface in a giveu 
time and hence, otlier things equals the l}etter the boiler. 

The elements of two eonmion forms of boiler are shown 
in Fig. 207, the arrows indicating the direetifm of the rir- 
eidation and its efTect upon the deliveiy of stoain aiid 
of sediment. 

148- Types of Boilers. In a book of this scope it would 
be impossible to ilescribe all the types of boilBrs at 

ill i— II ii I 
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in use. The more important varieties have tlierefore been 
chosen for description and illustration. 




Two types of internally fired, tubular boilers more 
accurately describ(3(l as internally fired, upright or vertical, 
fire-tube boilers are shown in Fig. 208. The furnace is 
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contained within the shell of the boiler and is almost com- 
pletely surrounded with water. The heat radiated from 
the hot fuel is thus almost entirely received by the water 
of the boiler. The hot gases, rising from the fuel bed, 
pass upward through the tubes and, after giving up part 
of their heat to the surrounding metal, enter the smoke 
box and pass directly to the stack. 

Boilers of the type shown in Fig. 208, (a) and (6) are 
called exposed-tube boilers, because the water level is carried 
below the tops of the tubes. The tubes, therefore, extend 
through the steam space and act as imperfect superheaters. 
Boilers of the type shown in Fig. 208, (c), in which the tubes 
do not enter the steam space, but are entirely covered by 
water, are called submerged-tube boilers. 

Upright tubular boilers of the types shown in Fig. 208 
are built by a number of manufacturers in sizes ranging 
from about 4 boiler horse-power to about 50 boiler horse- 
power. They are self contained, require no setting of any 
kind, and are shipped completely erected. Such boilers 
are very often mounted on trucks or skids and used to 
generate steam for small hoisting and other forms of con- 
tractors' engines. They are also used on steam fire engines. 

The pressure carried in these small tubular boilers is 
generally under 100 lbs. per square inch, but they can be 
built for higher pressures if desired. 

In Fig. 209 is shown a larger type of internally fired 
tubular boiler as made by the Bigelow Company for station- 
ary use. These boilers are similar to those just described, 
but are made only in large sizes, in this case, in sizes ranging 
from 40 boiler horse-power to 200 boiler horse-power. The 
exposed tubes generally give a superheat of about 25*^ F. 

These large upright boilers can be built to operate with 
a pressure as high as 200 lbs. per square inch and because 
of the small area covered by even the largest sizes, they 
are particularly adapted to locations in which floor space 
is limited. 
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The locomotive type of boiler is shown in Fig. 210. ItiB 
an internally fired, horizontal, tubular or fire-tube, bokl 

Such lK)iIers are seldom used for stationary purptM,! 
but are universiilly used on steam locomotives and, intkl 
smaller sizes, are often mounted on trucks or skids andwdfl 
for semi-8tationar>' purposes by contractors and otheal 
Boil(»rs of this type are built in sizes ranging from lOboikrI 
horse-|)o\ver or less up to over 100 boiler horse-power fa | 
gi»neral jxiwer purposes, while those used on the largest I 
locomotives generate over 2000 boiler horse-power. 

Th(» Continental type of boiler, named from the Con- 
tinental Iron Works, is shown in Fig. 211. These boikn 
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FitJ. 210. — Locomotive Type of Boiler. 

may be doseribod as internally fired, return tubular, with 
semi-external combustion chamber, this chamber being out- 
side of the boiler shell proper but being built as an integral 
part of the boiler and transportable therewith. Boilers of 
this type are built in sizes ranging from about 75 boiler 
horse-power to 300 or more. 

The grates, furna(^e and ash spaces, and bridge wall are 
all carried within circular, corrugated flues, one flue being 
used in the smaller sizes and two in the larger. The corru- 
gations serve the double purpose of strengthening the flue 
and of exposing added heating surface to fire and hot gases. 

The steam pipe shown just below the steam connection 
at the top of the boiler is commonly used on boilers for the 



purpose of preventing the escape of excessive quantiti^ «f 
moisture with the steam, 

I hese Ixjilers are very compact in shape and are ghort 
for their capacity, but they contain a great volume of wakr. 
They possess the advanta^jes of haA- ing a large steam sipace 
and a very extende<l liberating s^urfaee over which the steam 
separates from the water. 




Fig. 212.— ScDtch Marine Type BoiUt. 



The Scotcli marine type of boiler is shown in Fig. 212, 
It has the same getjcral construction iis that just described 
excepting that tlie combustion cbaniljcT is entirely enclosed 
within the water space of the toiler. This chamber is 
built up of flat plates and is held against collapse by numer- 
ous stay bolts. Brjileis of this tyi>e were until i^ently 
the standard for marine practice, but they are now being 
replaced in many inst^uices by water-tulje boilers of more 
recent design, 
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Scotcn marine boilers are very economical in the use of 
fuel, are good steamers, and are absolutely self contained. 
They are built in numerous sizes, the smallest having shells 
with diameters of about 6 ft., while the largest diameter 
used is about 16 ft. ^ The largest boilers have three and 
four corrugated furnaces. 

Two types of externally fired, return-tubular (or 
" H.R.T.") boilers are shown in Figs. 213 and 214. The 




Fig. 213.— Horizontal Return-tubular Boiler with Full Flush Front." 



only essential differences in these two types are in the fonns 
of setting and in the methods of suspending the boilers. 
The shell is generally rigidly supported at the furnace end 
and arrangements made to allow for movement of the other 
end with changes of temperature. 

These boilers can be built very cheaply and are therefore 
widely used when their limitations do not prevent. It Ikis 
been found inadvisable to build them in sizes larger than 
200 boiler horse-power or for pressures higher than 150 
lbs. per square inch; and they arc generally used \iv 



352 



STEAM POWER 



Fio. 216— Forged 
Header for Bab- 
cock & Wilcox 
Boiler. 



8i»»s and with lower pressures. These limitations are set 
by |K»nnLssible thickness of metal immediately above the 
fire, experience having shown that the 
plates deteriorate rapidly at this point if 
made too thick. 

One form of Babcock & Wilcox water- 
tube boiler is shown in Fig. 215. 
boiler is built up of sections consisting of 
several tubes joined at the ends by beadffls, 
and the sections are connected side by side 
at each end to a long horizontal drum. 
The ends of this drum are closed with 
" dished " heads, thus doing away with 
flat surfaces and the necessity for stays 
within the drum. 

A detail of the forged header is shown in 
Fig. 216. It may be regarded as a long 
box of rectangular section with opposite 
wiills piorcod by circular holes, which has been so distorted 
as to ^;ivc it a wavy sliape. The distortion brings the holes 
into such positions that the tubes when expanded into these 
holes are " staj!;^;ore(l," that is, 
do not lie one above the other. 

The general principle in- 
volved in the arrangement of 
these sections or elements and 
the resulting circulation are 
shown in Fig. 217. The location 
of the feed-water inlet and other 
details are shown in Fig. 218. 
It will be observed that the feed 
water enters in such a direction 
and position that it is readily 
picked up by the current of water circulating in the boiler, 
carried toward the rear and down the rear header. During 
this travel it is heated by contact with the hot water in 




Fig. 217. — Elementary Babcock 
& Wilcox Boiler, Showing 
Circulation. 
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218. — Details of Babcock & Wilcox Boiler Construction. 
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simply hanging from the drum by the nipples at each end. 
The various parts of the structure are thus free to expand 
and contract independently as their temperatures change 
and are not boimd in any way by the brick setting. 

The steam is collected from a perforated steam pipe near 
the top of the steam space. The baffle shown in Fig. 218 
prevents the steam which rises from the front header from 
carrying the water bodily into the steam space and makes 
the greater part of the water surface in the drum act as 
separating surface. 

The scale which accumulates inside of the tube is removed 
by tools inserted through the hand holes in the front headers 
opposite the ends of the tubes. One of these hand holes 
and its cover are shown in section in Fig. 218. Soot and 
dust which accumulate on the outer surfaces of the tubes 
are blown off periodically by a steam jet, the necessary 
nozzle and hose being "in- 
serted through the tall and 
narrow side cleaning doors 
shown in Fig. 215 opposite 
each " pass." 

A section of the Heine 
water-tube boiler is shown 
in Fig. 219. This boiler con- 
sists of a sUghtly inclined 
drum with dished heads, two 
sheet-steel headers and nu- 
merous tubes connecting 
these headers. The shape 
of the header is shown in 
Fig. 220, which indicates the 
positions occupied by the tubes and the way in which 
the header is joined to the drum. 

The products of combustion are generally made to pass 
along the tubes by the longitudinal baffles shown, instead 
of across the tubes as in the boiler last described. 
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Fig. 220.— Front End Elevation, 
Heine Boiler. 
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The mud dnmi in this type is located within the 1 
and consists of a sheet-steel box supported a few 
alN)ve the 1>ottoni of the drum. The feed water entoiA!^ 
the front end of this drum and gradually spreads out ii| 
is heated by the surrounding water. The greater paitf 
the impuritit*8 settles to the bottom and is blown off j 
ieally . The wanned water rises and flows out of an op 
in the top of the box at the front end and there joins t 
cireuhition of the boiler, traveling toward the rear, don| 
the rc»ar header and up the tubes to the front header. 

The interior of the tubes is cleaned of scale throus^l 
hand holes just as in the last boiler. The external surf a«i| 
an> fnK»(l of soot and dust by means of a steam jet whidl 
is introduced through the stay bolts in the headers, then | 
bolts lK»ing made hollow for this purpose. Since it is not I 
neccsstiry to use doors in the side walls for cleaning in tli j 
type, Heim* boilers are often set up in batteries of three or 1 
more, each interior side wall serving as the side wall of two | 
settings. In th(^ case of the l>oiler last described the neces- 
sity for si(l(* cicaninj!; doors makes it impossible to join more 
than two hoiliM*s in this way. 

The H(MU(» boiler is supported by standing the front 
and roar h(\i(lci-s upon the brickwork of the setting and 
it can th(»rcforc expand freely in all directions. 

A section of the Sterling water-tube boiler is shown in 
Fig. 221. This boiler consists of three upper horizontal 
drums connected by short curved tubes and connected to 
a single lower horizontal drum by means of long tubes which 
arc curved near the ends. The curves of all tubes are so 
made that the tubes enter the drum surfaces radially, thus 
giving a simple joint wliich is readily made tight by expand- 
ing the tube into the sheet. 

The feed water is introduced into the upper rear drum, 
and is gradually heated and partly purified as it passes 
downward to the lower drum, in which the greater part of 
the material precipitated from the water is caught and 
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driiiu hangs practically free on the tubes. Indepeni 
ex[)ansion of all the members is insured by this metl 
of suspension and by the curvature of the tubes, which j 
mits each one of them to bend to the extent necessary! 
equalize any strains caused by changing temperatures. 

The interiors of the tubes are cleaned by means of to( 
lowered from inside the upper drums and the exteii 
8urfa(»es are blown off by steam jets introduced throui 
doors in the brickwork of the setting. 

The Wickes vertical water-tube boiler is shown 
section in Fig. 222. It consists of an upper and lower cir-l 
cular drum, connected by straight tubes expanded into thei 
lower and upper heads of the drimis respectively. A| 
vertical baffle placed in the center of the bank of tubes! 
gives an upward path to the products of combustion whenj 
passing over the front tubes and a downward 
passing over the rear tubes. 

The feed water is generally introduced at the rear of 
the u])])er drum, the circulation being downward in the rear 
tubes Mild upward in the front tubes. 

I'lie interior surfaces of the tubes are cleaned by tools 
1<)W(M'(mI into them by a man standing within the upper 
(hum, which is made high enough to make this possible. 
Th(^ external surfaces are cleaned by steam jets inserted 
through doors in the ])rickwork. 

The entire boiler is supported on brackets riveted to 
the lower or mud drum and is free to expand in all directions, 
the i)rickwork simjily enclosing but not confining it. 

149. Boiler Rating. Practically all apparatus which is 
connected with the development of power is given a horse- 
power rating. In some cases such a method of rating is 
convenient and simple, in others it is inconvenient, irra- 
tional, and complicated. The term horse-power, when used 
as a measure of work or power, means very definitely the 
equivalent of 33,000 ft.-lbs. per minute. When, however, 
a certain number of horse-power is used as the rating of a 
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parti(*ular piece of apparatus, it ii^neraUy meauli 
pi(^r(» of a|)paratiis, when working at about its) 
ei(»ncy, can do what is necessary' to make avi 
stated iiuinlKT of horse-power in the plant of whkh^ 
a part. 

Thus a l)oiler rated at a certain horse-power isl 
nally sup]k)S(m1 to Ix^ able to supply the amount di 
re<|uired by an average engine developing that i 
of [)<)wrr jind to do this when working at its best e 
T\w watrr rat(»s of engines are, however, so differenit 
thcM'e is no i-eal connection between boiler horse-pofer^ 
engine h<>i*s<'-|K)W(»r, and it is best to consider thel 
horse-power as a jxTfc^ctly arbitrary unit defined in ae 
way. 

"^I'he American Soci(»ty of Mechanical Engineers I 
defined t he boiler horse-power as the equivalent of thee 
tlon of 1^4.5 lbs. of water per hmr froni and at 212® f. 
means t \\v eonvc^rslon per hour of 34.5 lbs. of water at 21?! 
into steam at the same temperature and therefore at atmoi-j 
ph(»ric pr(»ssur(\ 

I^ach ])()un(l of steam generated under these conditioMl 
reciuires \\w ex'ix'nditure of the latent heat of vaporizatioa' 
.vt atmospheric ])ressure, which is equal to 970.4 B.t.tt. 
according to \\w latest steam tables. The older tables gave 
905.7. This ((uantity of heat is known as a Unit of Evapora- 
tion and is ahhn^viated U.E. The boiler horse-power is 
then^fon^ tlu* equivalent of 34.5 U.E. per hour or 34.5X970. 
=^33,471) B.t.u. i,er hour. 

As ])ractically no ])ower-])lant boilers receive their fe< 
water at a tenqx^rature of 212° F. and convert it into stea 
at the same temperature, it is necessary to convert t 
weight actually evaporated to what it would have be 
from and at 212° F. and then to divide this figure by 3^ 
in order to find the boiler horse-power developed. 

The numl)er of pounds which would have been evaporal 
from and at 212° F. if the same amount of heat had b( 
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transmitted is known as the equivalent evaporation, or as 

the equivalent weight of water evaporated into dry steam from 
and at 212° F. 

The method of obtaining the equivalent evaporation 
has been defined by the American Society of Mechanical 
Engineers. The heat given to each pound of dry saturated 
steam produced is to be determined; this is to be multiplied 
by the total weight of dry saturated steam generated per 
hour, and the product is to be divided by the latent heat 
of vaporization at 212° F. Thus, for a boiler receiving 
its feed water at some temperature t/ above 32° F., the 
water contains a quantity of heat equal to q/ B.t.u. per 
poimd, qr being foirnd in the steam table opposite the tem- 
perature tf. Each pound of dry saturated steam leaving 
the boiler carries with it an amount of heat equal to X for 
the existing temperature. The heat supplied each pound 
in the boiler must therefore be \—qf and, for W pounds 
per hour, the heat supplied would be W(\—qf), The 
equivalent evaporation is then given by 

Equiv. ^'^^P- = ^ (^70^) ^^s- P^^ ^our. . (101) 

This expression may be regarded as consisting of two 
factors, the weight of dry steam generated per hour, and 
a fraction which will always have the same value for a given 
combination of pressure and feed-water temperature. This 
fraction is called the factor of evaporation, and it is cus- 
tomary to tabulate the various values of the factor of 
evaporation for different common combinations of pressure 
and feed-water temperature. 

It should be noted that the equivalent evaporation as 
defined above gives the boiler no credit for heat given to 
water which leaves the boiler as water, nor does it give 
credit for any superheating. The former may be justified 
by saying that the boiler, as a commercial piece of apparatus, 
is not intended to supply hot water; but many conunercial 



boilers are expected to supply superheated steam and sliould 
be given credit for heat u.^d in that way. 

Returning now to the boiler horse-power, it^ value mn 
obviously be found for any given boiler by dividing the 
equivalent evaporation per hour by the number 34,5. 

Boilers are supposed to be so rated that they ^vill 
develop their rated horse-power when operating at uhmt 
their best efficiency and will do it with moderate draft 
and reasonably ^ood firing with average fueh Experient^e 
has shown that for most boilers the best efficiency is ob- 
tained when an equivalent eva]>oration of from 3 to 3.5 Ibs- 
of w^ater oecurs per squai\' foot of heating surface. The 
heating surface is generally taken as the total surface irt 
contact with hot gases excepting in the case of tubes. Tbe 
outer siu*faces of tul>es are generally counted even if they 
be in contact with the water. An equivalent evaporatioi* 
of 3 to 3,5 lbs, per square foot w^ould call for a heatinf? 
surface of from 12 to 10 sq.ft. pei' boiler horse-power. 

Most water-tube boilers are given 10 sqit. of heating 
surface per rated boiler horse-poww^ and most retum-' 
tubular bodcrs are supplied with 11 to 12 sq.ft, Bcotcb 
marine boilers are generally designed on a basis of about 
8 sq.ft* per rated boiler hoj-se-powTr, 

The quantity of w^ater which can be evaporated per 
square foot seems to depend to a gn^at extent upon the rat« 
at which hot gases can be passed over the heating surface, 
and experiments have shown that from five to eight times 
the ordinary rates of evaporation can be attained if suf- 
ficient fuel can be burned. As the rate of evapor^jtion pfr 
square foot is increased above the connaionly acceptcil 
value, the efficiency decreases, but the decrease is generally 
small for a considerable increase in rate of evaporation. 
Most power-plant lK)ilers can give from 150 to 200 per ccut 
of their nonnat rating, and some are now being installed to 
operate for long periods at about 200 per cent of what 
would he considered a normal rating. 
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160. Boiler Efficiencies. There are a great many pos- 
sible efl&eiencies which may be considered in connection 
with boiler tests. The two most commonly used are defined 
by the A.S.M.E., and are: 

1. EflSciency of the boiler 
_ Heat absorbed per pound of combustible burned 

Calorific value of 1 lb. of combustible 

2. EflSciency of boiler and grate 
Heat absorbed per pound fuel 

""Calorific value of 1 lb. of fuel' 

The names used are not very well chosen, and it is better to 
the first the efficiency based on combustible and the 
s^eond the efficiency based on coal. The weight of com- 
^Vxstible burned is calculated by subtracting from the coal 
&^*«d the total weight of moisture and the total weight of 
use in the ash pit. 

The heat absorbed is by definition the heat absorbed 
the dry steam made by the boiler, but it seems probable 
that this will also be modified in the near future as suggested 
a preceding paragraph. 

It is also possible to determine the efficiency of the grate, 
of the furnace, and of the boiling vessel, and this is some- 
times done. 

The best commercial operating values for the efficiency 
of the boiler as a whole, that is, the boiler and grate on the 
basis of total fuel fired, are about 75 per cent for good 
qualities of coal and 80 per cent for oil, but such values 
are generally obtained only in well-equipped plants operat- 
ing on comparatively constant loads. Average commercial 
values generally range from 60 to 70 per cent on a yearly 
basis in well-equipped plants which are carefully operated, 
and many boiler plants are operated at an efficiency of 50 
per cent and less. 

The poimds of water evaporated per pound of coal 
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fired generally ranges between 6 and 10, and the equiva- 
lent evaporation per pound of combustible burned will 
generally fall between 8 and 12 pounds. 

151. Effects of Soot and Scale. The flue gases in real 
boilers are seldom clean mixtures of the products of com- 
bustion and nitrogen, as theory would indicate. They 
always contain more or less soot and unburned hydro- 
carbons, as well as some finely powdered ash and fuel. With 
strong draught, very large particles of ash and fuel may be 
carried by the flue gases. 

These materials are partly carried up the stack by the 
gases and partly deposited on the heating surfaces of the 
boiler. Such deposits decrease the conductivity of the 
heating surfaces, and if the deposits are heavy the loss may 
be very great. The results of one investigation on the 
eJTect of soot are given in Table XY, the values being 
taken from an article published in the Proceedings of the 
Institute of Marine Engineers for the year 1908. These 
values are probably too high, particularly for the thicker 
deposits, but they serve to bring out the fact that a ver>' 
appreciable loss does occur from the presence of such 
deposits. 

TABLE XV 

Effect of Soot Deposit.^ on Boiler Heating Surfaces 



Thickness of Deposit 
in Inches. 


Loss of Conductivity 
in Per cent. 




1 

3 2 
1 


0.0 
9.5 
26.2 
45.2 


3 

16 


60.0 



The effect of soot deposits in decreasing the efficiency 
of boilers was used for a long time as a basis for argument 
in favor of certain types of boilers in which the heating 
surfaces were so shaped and located that such deposits 
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formed to m luiukmmi depw mud jugdnsst otixr iy|>c<; 
less fkTorafahr deslpiFd fram this poant of view. 
ticaDy, hoireTcr, tlie mKyrsl of socii ckfiosats by ii>rain$ ^rf 
steam jets applied at re^^mlar intervals is so ample that ihi;^^ 
coDsid«atioD need be fimi little imfdit in the ^^lortk\ii 
of a boiler. ProrisiQn sixHiki always^ be made, bowver^ 
for the easy use (tf the jets for <4eaiiiii|!: purpa»<!S. 

162. Scale. PrartkallyallmteraTailaMeforK^k^it^ 
contains various sahs in sv^tion and it often contaii^ 
matter in suspension as weU. This material is all deixx^ateit 
within the bc^ler as the water is heated and converteil into 
steam. There is thus a foadual collection within the Ixnler 
of all the soUd material brou^t in by the water. 

In well-designed boilers the greater p>art of such dejHvsit^? 
is carried to a part of the boiler in which the metallic sur- 
faces are not exposed to high temperature gase$(, as, for 
instance, the mud drums in water-tube boilers. It can then 
be drawn off periodically in the form of a thin nuid sus- 
pended in water. In practically all boilcR?, however, some 
of the solid material will be carried to the heating surfnms 
exposed to high temperature gases and de|K>sittHi tluMX\ 
Under the action of heat, the mud-like material graiUiaHy 
changes until, in many instances, it fonns a very lianl, 
stone-like coating on the heating surface. This is known 
as boiler scale. 

Such deposits may cause two kinds of troubk^: Tlu\v 
may decrease the conductivity of the heating surfatM^s and 
thus decrease the efficiency of the boiler; and, l)ccaus(> of 
their location on the water side of the metal, thoy may ptM*- 
mit the hot gases to overheat that metal, t huH wc^aktMiinn 
it. Such overheated metal often bags " und(M' tlu* hi^li 
internal pressure and may eventually giv(^ way with diHUH- 
trous results. The mechanical struc^tun^ of ilu^ Hcnic HrniiM 
to be the determining factor; scalcH which nw canily prtir- 
trated by water have little effect, whiles thow^ which an- very 
dense and non-permeable may cauw; HcriouH trouble?. 



STEAM POWER 



Boilers should be blown down periodically to keep them 
as frc»e :is jxissihle of scale-fonning material, and they should 
lie so const ructeti that scale which has been formed can be 
removtMl (»asily. Ver>' efficient tools have been developed 
for rcMiioving scale from the interior and exterior surfaces 
of tuU's, so that lx>ilers using tubular heating surfaces are 
rc*a(lily ( loaned of scale. 

153. Scale Prevention. Much of the solid material 
rarric i by water is deposited when the water is heated to 
a toniiHTatim* of from 150° to 200° F., so that heating feed 
\vat(»r lu'fort* it is athnitted to the boiler is at least a partial 
pn^vcntivc in most cases. 

Nearly all of the salts which are soluble in hot water 
and tlu*n»f(>n^ an* not deposited when the feed is heated, 
can Ih» umhIv to fonn insoluble compounds by the addition 
of cinnparativ(»ly cheap chemicals. By the addition of such 
chemicals in the fml-water heaters, or in other apparatus 
specially lU^sitj^ned for that purpose, the greater part of the 
solid ct»nlent of tlie water can be precipitated before it is 
admit ted to \ boiler. 

riu le are a many boiler compounds " on the 

markt't which are intended to be mixed with the water as 
it is to the l>oil(M* and an* supposed to prevent the for- 
mat ii>n of scale on the heating surfaces. All they can 
pos-il>ly do is to cluuiLro the chemical composition of the 
solids; they caimot prevent the deposit of these solids within 
the hoiliM*. They are therefore, at best, only an miperfect 
rtMnedy. 

154. Superheaters. ^lany boiler plants are now ar- 
rangtMl to supply steam supiTheated 25 to 200 degrees Falir. 
It was shown in an earlier chapter that the use of super- 
h(»at(Ml ste:un greatly improves the economy of reciprocating 
engines and turhiiu^s, and there arc also other advantages 
which accrue^ from its use. 

Sup(M-h(^aters are of two kinds — separately fired and 
built-in superheaters. The separately fired superheaters are 
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1 in a brick setting fitted with grate and furnace 
to that of an ordinary boiler. The built-in super- 
are installed within the boiler setting so that the 

ts of combustion pass over them in flowing through 

ler. 

ither type the steam passes through the superheater 
(vay from the boilers to the engines. In the case 
rately fired superheaters, the temperature of the 
ated steam is controlled by regulation of the fire 
grate of the superheater, but in the built-in type 
on in this way is practically hnpossible, as the fire 
he boiler must be controlled to suit the demand for 

The control of such superheaters is therefore effected 
y locating them in such a position that the natural 
•n in the temperature of the gases reaching them 
ti approximate regulation, or they are installed in 
ite chamber and hot gases passed over them in such 
ions as necessary to give the required temperature. 

Babcock & Wilcox superheater as applied to the 
f the same make is shown in Fig. 223. The steam 
d in the dry pipe within the drum pjisses downward 
upper manifold of the superheater and from there 
through the U-shaped tubes into the lower manifold, 
he lower manifold it flows through the superheater 
Ive to the engine or turbine. 

superheater is so located that the hot gases pass 
between the first and second passes and there is no 

shutting off these gases. Provision, as shown in 
stration, is therefore made for flooding the super- 
during starting, or when superheated steam is not 
When flooded it becomes heating surface similar 

of the tubes below, the steam made passing into 
m through the dry pipe. 

Heine superheater as applied to a Heine boiler is 
in Fig. 224. It consists of a sheet-metal header or 
o which U-shaped tubes are expanded. The steam 
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Fig. 223. 




Fig. 224. — Heine Superheater. 



STEAM BOILERS 



369 



enters tlie bottom of the header and is pr^iided by dia- 
phragms in such a way that it passes through the lower st^t 
of Lr-tul)es, returns to tJie heatler, ]iasse8 throiif^h tlie upi>tT 
set of tubes, and then leaves the superheater at the top. 




Fig. 225.— H.H.T. Hoiler aud Foster ^^iiperlitJiiter. 



This apparatus is installed in a brick chamber built into 
the boiler setting and coniiected with the fm-nace by a flue 
(not shown) in the brick side wall. A dani|>er controls the 
flow of hot gases to this c^hanitwr and the degree of superheat 
is controlled by the position of this damper. 




Fig. 226.— 'Element of Foster Superheater. 



The Foster superheater is shown installed in the setting 
of an H.R.T. boiler in Fig, 225 and the details of the con- 
struction of one element are shown in Fig. 226, The core 
is used to spread the steam in a thin stream, thus bringing 
it into better contact with the heating surface, The fins 
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on the exterior of the element are used for the purpose iB^p 
{getting a more extended metallic surface in contact iri4H«t|P 
the hot gases. m^, 

166. Draft Apparatus. Attention was called in a iseft^ 
ceding paragraph to the fact that there must be a differencelrr 
of pressure between the spaces below and above thefue», 
IkhI in order to cause the necessary air to flow through thelj 
l)ed. This difference of pressure is called the draft. I 

As a matter of fact, a slight difference of pressure is ■ 
required to cause the flow of gases through any part of the! 
boiler and the drop in pressure through the fuel bed is only I 
part of the total draft required. I 

The draft may be created in two distinctly different I 
ways. It may be caused by a chimney or stack, and is I 
tlu^n known as natural draft, or it may be produced by fans I 
or blowers, in which case it is called mechanical draft. I 

(a) Chimneys or Stacks. Stacks are practically always I 
used in small plants because of the simplicity resulting from 1 
tluMr use and because the interest on the investment com- 1 
par(\s favorably with interest on investment plus cost of 1 
operation for inochanical draft. In large plants fitted with 
some type< of mechanical stokers, or where fuel is to be 
])urno(l at a hi^h rate, or where the flue gases are to be used 
for heatinj2; feed water, mechanical draft is generally installed. 
A stack of some sort is necessary even though mechanical 
draft he used, Ix^cause the products of combustion must be 
discharj2:ed at a sufficient elevation to prevent their being 
a public nuisance. 

A chimney serves to carry away tlie hot products of 
combustion and when in operation is filled with a column of 
gases with higher average temperature than that of the 
surrounding air. As a result the density of gases within 
the stack is less than the density of the outer air and the 
gas pressure at the bottom of the structure is less inside 
the stack than it is outside. If an opening is made at this 
point, the external air will therefore flow in. By arranging 
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3 apparatus as shown in Fig. 227, the temperature 
the air flowing into the bottom of the stack is raised 
it passes through the furnace and the flow is thus made 
Dtinuous. 

The height of the chimney determines the draft created 
" it with flue gases of a given temperature, and, with any 
i^en height, the area determines the quantity of gas which 




Atmospheric Pressure 
_lesb amount cautsed by 
low (It'tibity of hot gases 
in btack. 



Fig. 227. — Diagrammatic Arrangement of Stack. 

an be carried off in a given time. The proportions of 
himneys can be determined from rational formulas based 
m theoretical considerations, but it is necessary to assume 
alues for a number of constants and a proper choice de- 
►ends largely upon experience. 

As a result, all but the more important chimneys are 
enerally designed on an empirical basis and many formulas 
lave been developed for this purpose. One of the most 
ommon methods of design is to choose the height in accord- 
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aiMT ¥ritli tlie value? given in Table XM^, and then to 
(ieteniiiiH* tln^ sectional area according to an en^Mrical 
a:<suniption or fomiula. 

TABLE XVI 
GoMMOK HsnoHTR OF Chimnetb 

.Am^rabk ti< plmnv smaUer than about 700 H.P. Larger installatioDS ^dtoold 
ixziv <ia«*L> o! fnim 1J><» tc 175 fwt in height unless local condrtions caD f« 
jrT>-ai'- ti«*iirht ■ 



Char«rt«r of Fuel. 


Height above Gr»t^ in Feet 


} Tvt'-lmniuii: bitimiiiiottfi 


80 


Aiithrarhf . uKKiiiini and lai^ sizef; 


100 


SKuv-lmniuic hirimiiiiout: 


120 


Authruriit'. ]»ea hiw. 


130 


Amliniciie. huckwlieat kisbb 


150 



Thus, .some designers simply assume the sectional area 
at the top of the sta<*k equal to about one-ninth of the grate 
area f<>i anthracite cc^al and equal to about one-seventh of 
tJie grat^.^ area for bituminous coal. Others use a formula 
develojx^d by William Kent, which is based upon the 
aBsumptioii that the stack should be large enough to earn' 
away all the gases n^sulting from the combustion of 5 lbs. 
of coal ix^r rated lx>iler horse-power per hour. This formula 
gives the lx»iler horse-[X)wer which the stack can se^^'e 
and is 

H.P. = 3.33(A-0.6VTjv^, . . . (102) 

in which 

n.P. = Rated boiler horse-power: 

A =Int(^rnal scictional area in feet of circular or square 

chimney; 
// = Height above grate in feet. 

(b) Mechanical Draft. Fans can be so used as to force 
iiir inl-o thc^ ash pit, that is, to raise the pressure on the 



nr <r ~qb- off: 3: -sae^ tit «»ruijnwm. 

MaraK^ 47 THy- Jill 3ar "xaawr j*o:^ 

e K iii«*^L fL "Dk- •^^nifr :tn.. sir 2saufc^- 'Uv*- 

St*r*n^ ic!Me?3i»*?ir?> — ny M;/j[r»»*^'i cnsif* la^"^ Ack»i 
bk^rzi •inn -LiiriiuEL ^Att irrmr ui*jr 



L The -(laiirrijeixc -p^^inrj il c i. :»:iik«r .I43rjr*t ,'V<;^J^^:^ 
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2. A irat«F-«yiie ticdkr irrrl 3*>.V <ci'7. vC "S^^A^ir^ >si;>i;w 
I rated in tbc ^irfemy vat xrivf ir, t'^\"*^\'^^l>sN>\ 
25,875 lbs, per iic«T. Ai "irti:,- ix-r .vf r:^:r,\ji w^^^x ^Jv 
ler operating? 

3. A certain boiler f»ri>dii«yi ;vW ]S>. v^f xk\ Ma-m^^ 

r from feed irater at a Tenijvnuim^ v>f V\ Tho ^Uv^w 
5sure was 200 lbs. per sqiiarv inch 4:[:uijix\ \\ hiU w^n \\\\^ 
ivalent evaporation? 

4. A boiler receiving water at a ton\|vrannv wi K \'\\\\ 
ts it into superheateil steam at a pn\ssun^ of VMO \hn \\\^\ t\\\m\\^ 
1 gauge and a temix*ratim* of 5S()'' K. Tho l»oil«M j^huluw 
X)01bs. of steam per hour. What is tho hIomI i»>Mpoh\!loh 
he boiler is given crodit for all tho hiMil ImmImImI 
sing through it? What boihM' horno powiM' Ih i»Im|«m|I 

6. A boiler pro(hi(^eH 7.5 Wm. of dry n\m\\\ ptM pMiiiiil n| 1 ihil 
d. The feed-water UMiiperaliini Iw HIT* himI lhi» ••h.fiiii pli" 
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ind water od the .:-:brr fd ie of T!>t^ :H\>innii sxi>UNV \ ^^^^^^ 
►rdinary condition? of opef^tion, this uh^ituv) nM Uv^suusv* 
voxAA give a theoreticallv avoiildh^ su^oK ^s^^^^l 
,bout 50 pCT cent of the figure obiaiiUHi 
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The magaitude of the exhaust loss can be similarly ] 
approximated. Assume for this purpose an cnjE^ine ret-ciifiti^ 
dry saturated stcaiJi at 115 lbs, absolute per square inch and 
exhausting it. with a quahty of 90 per cent at a pressOT of 
15 lbs, abs^olute per square inch. 

The heat above 32° in the entering steam is 1188.8 B.t,u. 
per pound and the heat exhausted per pound is lOa3J- 
Thc heat in the exhaust represents therefore al>out 89 per 
cent of all the heat supplied when calculations are Diatlo 
above a temi^erature of 32** F. If a feed- water tempeiar 
ture of 60^ be assumed and heat quantities be %ured 
above that datmn the results are practically the same. 

There are always numerous pieces of auxiliary apparatu* 
in steam plants such as boiler-feed pumps, circulating pinnpej 
vacuum pumpSj etc. These arc often steam driven and ari- 
generally very uneconomical in the use of heat, so that they 
throw away in their exhaust steam large quantities of bcivt 
originally transferred from fuel to water and steam in t!ifi 
boiler. 

157. Utilization of Exhaust for Heating Buildings, It 

often hapi>ens that steam-power plants are located wit hit* 
or in the neighborhood of buildings requirini^ artificial heat 
during part of the year. In snch cases the exhaust steaJ» 
from main and auxihar^^ engines can genei-ally be advaW' 
tageously used for tlus purpose. Under particularly favor- 
able circumstimces^ the weight of steam required l)y tlif 
plant may equal approximately that required for heating, 
and the greater part of the exhaust could then be turned 
directly into the heating system. 

The engines in plants of this charaiCter may be regarded 
as reducing valves for the heating system, receiving steam 
at higli pressure and reducing the ]>r(^ssure to the value W 
adapted to the heating s^^stem installed. If the com- 
paratively small losses arising fiom radiation from tte 
engine, from fiiction and from the presenee of liot wat^ 
in the exhaust lie neglected^ all heat received by the eiig;iii*^ 
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i not turned into useful mechanical energ>' is made use 
in the heating system. The engine may therefore l)e 
ry uneconomical in the use of steam and still not cause 
waste of fuel, provided always that the heating system 
n absorb all heat exhausted. 

Since the demands of a heating system var>' from day 
) day and since there is generally no demand for heat 
uring several months of each year, it follows that a high 
egree of skill is necessary in choosing the character of the 
apparatus installed. A compromise is generally made 
)etween the cheap and imeconomical engine allowable during 
ihe coldest months and the more expensive and more 
^flScient engine desirable when no heating is to be done. 

There are other cases of somewhat similar character, 
[n many industries use can be made of exhaust steam for 
the heating of evaporating pans, dye vats, kilns and other 
apparatus. Steam ^nts of an unecononucal character may 
be very economical financially in connection with such 
industries if all or nearly all of the heat in the exhaust can 
be utilized industrially. 

168, Feed-water Heating. An examination of the steam 
table will show that the total heat above 32° F. per pound 
of steam varies between 1180 and 1200 B.t.u. for such pres- 
sures as are commonly used in boilers. The average tem- 
perature of water as it occurs on the surface of the earth 
^ probably somewhere in the neighborhood of 60°, so that 
^he heat above 32° per pound would roughly average 27 
S.t.u. A boiler receiving water at 60° and converting it 
into steam at any of the ordinary pressures must therefore 
supply over 1100 B.t.u. per pound of water. 

This immediately suggests a use for heat in exhaust 
3team. Steam exhausted into very low vacuums has a 
temperatiu-e only 10° to 30° higher than the assumed average 
latural feed temperature, but steam exhausted at atmos- 
pheric pressure has a temperature of 212° F. and could 
therefore impart large quantities of heat to water at 60° F. 
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Since the boiler must supply over 1100 B.t.u. per 
of steam made, raising the feed temperature about 
12° should effect a saving of about 1 per cent in fu( 
sumption. By raising the temperature from 60° t( 
there should therefore result a saving of approximat 
to 14 per cent. 

Other advantages which would accrue from thi 
liminary heating of the feed water would be (1) the d( 
outside of the boiler, of a large amount of the solid i 
carried by the water, (2) the use of fewer or smaller b 
and (3) the reduction of the strains which occur in the 
of some designs when very cold feed water is used. 

Exhaust steam feed-water heaters are divided int 
types, open and closed heaters. In open heaters the 
and feed water are brought into intimate contact i 
form of jets, sheets and sprays within a vessel of appro 
size and shape. They are often called contact he 
When the exhaust steam comes from reciprocating ei 
it always carries in suspension some of the oil use 
lubricating; the en^;ino cylinders. If allowed to entc 
hoator, this oil would mix with the feed water and even 
reach the boilers, where it might cause serious dama 
depositing upon heating surfaces exposed to the fire 
very hot gases. Such heaters arc therefore always 
with oil or grease extractors when used with recipro( 
units. When receiving the exhaust from turbines, o 
tractors are not necessary, as no lubricant is used v 
the steam spaces of such units. 

Closed heaters consist of tubes or coils enclosed \ 
a metal vessel. One medium passes through the 
and the other over their outer surfaces. Such heatei 
therefore often called non-contact heaters. 

As oil is a poor conductor of heat, the exhaust i 
from reciprocating units should be passed through '< 
extractor before entering a closed heater in order the 
heating surfaces may be used to the best advantage. 



rimary and «fcypiifiir7i iifsaifrc Tmr* ^nnmoL n&r DOthnu: 
> do mitii iSLTuriuFt. »lub. oaeieL. -euurpr ol peBmoL anc 

SL presBore ii^oir smieEniffli'. irm. ccmaaisii!!! main 
f units, and eidiaiK; ^xean. sr snuflaneTf iireBEnr^ iron, hod- 
^ecmdenan^ simiiaiie&. Tb* kmps: pFesHiFe steam, rouid )fe 
TUsed to best liie iwd ^rai^ inmiaTy itest^ and tbe 
higgler preaBim* imsm. rouic tuet Ta»^ itt- TemBeisnire f?tfl] 
"J further in a serand or w*f!xm(mr^ neat-^. 
^ Tbe other srem ^Faf?Hr. Tuari il tii^ siatfi cBBes. can abo 
be parthr eihrnTnin^fC ivr ugng i<antt of ir heat the feed 
water. the hkdje*?^ gi^n. Tempenmire ordinaiilT avail- 

table in the eidiaum f=TFT^ii- if- a^K»iiT 212^ and as the 
products d oombiwtiaL learmc the iniiierF fieneraDr have 
temperatores in the neiehi#fjrhfK#d of 6W t<» 700^ F., it 
f is e\id«it that on a baek^ ai t-emperature the hot gases 
f have a decided adrantaee ttt a heating: medium. On the 
other hand, the specific heat of the hcJt g^ses is low, while 
exhaust steam ean prre tij> all af its latent he&i with no 
change in temperature, so that on a basis of heat avail- 
able fcM" transmission to the water, the steam has the 
advanta^. 

The waste heat in tbe flue gases is used for fecd-wator 
heating in devices known as econcmixers. These gonorally 
consist of groups of tulies, joined at their ends by boad<M*s 
and standing vertically within sheet-metal fl\ios loading 
from the gas passages of the boilers to the ohinuu\\\ T\\o 
water to be heated is pumped through tho tubos on its way 
to the boilers and the hot gases flow over iho tubi^s o!\ tluMi* 
way to the chimney. Mechanically o|MM'at<Ml HCiajuMH 
arranged to travel up and down tho tnbos at iiHfM VMlH Mini 
keep their external surfaces free of hooI mihI finwl, svlili'li 
would seriously reduce their ability to tnu»Hinil hiwil. 

The feed water supplied the (MMiiifuniw«r Im ^i'UpimIIv 
first heated in an oxhauHt Hivnm mimI miiIvmm mI Ihi- 
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economizer with temperatures between about 120° 
200° F., depending upon the kind of heaters used audi 
the relative quantities of exhaust steam and feed 
The economizer discharges the water to the boiler at 1 
peratures which generally run from about 210° to 300**' 
depending upon the amount of preliminary heating, 
extent of economizer surface and a number of other va 

The gases which have passed through an econon 
often have temperatures as low as 250 to 350° F., which d 
generally too low a value to give good chimney draft.! 
Plants making extensive use of economizers are therefore| 
generally fitted with some form of mechanical draft. 

PROBLEMS 

1. Determine the heat lost in the chimney gases per pound] 
of coal in a plant operating under the following conditions, i 
express the loss as a percentage of the heat value of the coal. I 
The coal has a calorific value of 14,000 B.t.u. per pound; the 
temperature of the gases leaving the boiler is 570® F. ; 20 lbs. of ! 
gas result from each pound of coal burned; the mean value of 
the specific heat of the ga.ses is 0.245; and the temperature of 
the air entering the furnace is 75° F. 

2. Determine the fiuantity of heat which could be obtained 
from the gases of l^rol). 1 by using an economizer to reduce their 
temperature to 250° F. What percentage of the heat value of 
a pound of coal does this saving represent? 

3. The boilers of a certain plant produce 100,000 pounds of 
steam per hour when the plant is operating at full load. The 
steam-driven auxiliaries consume 10% of this steam. Steam is 
generated at a pressure of 175 lbs. per square inch gauge, and 
is superheated 150° F. The main units operate condensing and 
the condensate leaves the condensers at a temperature of 75° F- 
The auxiliaries operate non-condensing and exhaust their steam 
at atmospheric pressure and with a quality of 92%. The coal 
used has a calorific value of 13,850 B.t.u. The boiler efficiency 

(Heat given water and steamX . 
Heat in fuel supplied / ^* 
(a) Determine the amount of coal which would have to be 
burned per hour if the steam exhausted from the auxiliaries were 
thrown away and make-up water at a temperature of 50° F. were 
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n its place. The condensate from the condensers of the 
unit is assumed to be returned to the boiler after being 
with the make-up water. 

Determine the amount of coal which would have to be 
i per hour if the auxiliary exhaust were used to heat the con- 
je from the main units in an open heater and if the operation 
I plant were so perfect that no make-up water had to be 



CHAPTER XIX 

BOILER-FEED PUMPS AND OTHER AUXILIARIES 

169. Boiler-feed Pumps. The pumps used for foit 
t ho fiH*(l water into boilers may be of reciprocating < 
c(»ntrifugal construction and may be driven by recipr 
st(»ani cylinders, by small steam turbines or by elediifi| 
motors. 

Steam-driven pumps are very wasteful, often using over I 
KK) lbs. of steam per horse-power hour. It would therefore 
s(»em mon* (economical to use moter-driven pumps in electric- 
l)ower stations, jus the large power units will generate electric ] 
p()W(»r with a consumption of from 10 to 25 lbs. of steam per | 
h()rse-j)ow(T hour and the motor efficiency will generally be 
ov(»r 80 ]K?r cent. There is, however, another point which 
must ho ('()nsi(l(M*(Hl. The exhaust steam from small engines 
opcnitiii^ boiler-feed pumps can be used for heating the 
fecMl water as described in the last chapter, and thus the poor 
economy of tlies(^ units is of little significance; practically 
all heat exhausted can be returned to the boiler in the 
boiler feed if desirable. As a result of this considera- 
tion, coupled with oth(»rs of less importance, nearly all 
boiler-feed pumps and other similar auxiliaries are steam 
driven unless there are so many that there would ^ 
more exhaust steam than could be absorbed by the fed 
water. 

There is at present a marked tendency toward the use 
of turbine-driven, centrifugal pumps for boiler feeding, ^ 
place of those driven by reciprocating steam units. The 
turbine type has several advantages, the more important 
being: 
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from the piston motion of the other cylinder. The steam ] 
pistons are pra(»tic'ally 180° out of phase, one moving out j 
while the other moves in. 

Practically no expansion of the steam is obtained in the 
cylinders of pmnps of this type. They operate on the 
rectanj^ular cycle described in an earlier chapter and are 
correspondingly wasteful in their use of steam. 




Stcum Knd Water End 

Fig. 229. — Dui)lcx Steam Pump. 

160. The Steam Injector. On steam locomotives and 
in other portable steam plants, as well as in many small 
stationary plants, a device known as a steam injector is used, 
instead of a pump, for forcing feed water into the boikr* 
A simple form of steam injector is shown semi-diagraifl- 
matically in Fig. 230. 

Steam from the boiler flows through the steam nozzle 
and expands from boiler pressure to a very low pressure, 
thus acquiring a high velocity at the expense of the heat 
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of its kinetic energy, ^ft ih&i thf: ruLvture moves into the 
small end of the deliver].' mtje vnth a high velocity. By 
the time it has reacheri that point, practically all the steniu 
has been condensed, and, as the sectional area of the deU\'eiy 




uAm iaemmm, the %idortty of tim 
erjmgpoitfEiig tnrreafli^ in |m iwiin 
lb<i9Dmtt. In firoprrrly designed 
pmvufp ia great enough to force iht 
eofidaiMed itlemit inio the boiler agaios 

Tim spmtm at the end of the steam 
ftt SI low teftipcrnitim- by the feed water Barnm^ thmfli 
it mud the pmmtifB of the fiteam is therefore Tery loir this 
point, tx'Jtig hm than atnjospherie in most cases, Atmc^ 
ph**ritr prt^wure is therefore able to fonre water up the twiko 
pjjjc* if the lift " Is not too great, and when once stiftri 
such it (If'vice can therefore raise its own water BB well 
BM delivering it against prr^tire. 

It IB interesting to note that the efficiency of thi^ app^' 
ratiJA is alinofit 100 per cent on a heat basis. All beat t^^^ 
radiated from the apparatus Is returned to the boiler in t^e 
mixture of condensed Bteam and feed water and, as 
external surface is veiy sinall, verj^ little heat is lost 
radiation, 

181, Separators. Two kinds of separators aie used ^ 
steam plants: (o) tlie fnl Reparator*^ already referred to f 
separating oil from exhaust steam, and (b) simm separata^ ' 
whif'h separate watnr from steam. 

As it is impossible entirely to prevent radiation 
steam pijx*Hj it follows that eondensation will occur in an^^^i^ 
pipe* line which carries aatu rated steam* Water is als^^^ 
fontied in the cylintJers of reciprocating engines not suppliec;^^^ 
with very highly superheated ateam^ and much of it 
generally pnm>iit in the exhaust of the high and intcr- 
meiliate cylinders of multiple-expansion engines. 

A small amount of water can be passed through tlie 
cylinder of a reciprocating engine without mechanical 
danuige, hut it proliably i^auses a loss of heat by cling- 
ing to the walls and assisting in the heat interchanges 
which always occur. Large quantities of water are apt 
to cause meelianical daniage^ as water is inelastic , ^md if 
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Fig. 231. — Steam Separator. 
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inon» of it is trapped in a cylinder end than can be cod-B- 
taimnl in the clearance, something must give way wheiM 
the piston n»aches the end of its stroke. M 
It is cu«tomar>' to separate as much as possible of the B 
water of condensation before admitting steam to the! 
cylind(»r. The s(*parators used are built in many differeat I 
8ha|K\s and tyix*s, but practically all depend upon two I 
principles. These are: I 

(1) Water is much more dense than steam, and if » ■ 
stream of a mixture of water and steam be made to travel I 
in a curv(», the water will therefore collect at the outside I 
of tin* curve, and I 

(2) Wat(T brought into violent contact with metallic I 
surfaces w(»ts " them and has a tendency to adhere thereto. I 

In steam sc^parators the stream of mixture is therefore I 
mad(^ to chang(» its direction of flow suddenly and to impinge j 
upon bafli(»s in such a way that the greater part of the I 
liquid is cauglit and drained off. I 

One form of se[)arator is shown in Fig. 231. The mixture 
impinj^es on sieves in tlie first part of its passage through 
the separator, part of the water passing through the open- 
inj!;s and (haining to the reservoir at the bottom of the 
device. Ki(lg(\s and trouglis catch all water separated and 
guide it to (h'ains leading to the reservoir, so that no water 
which is once deposittnl is again picked up by steam. 

Another form of separator is illustrated in Fig. 232. 
The steam impinges upon the inverted V-shaped casting 
and water caught on the projecting ridges drains toward 
the sides and then downward into the receiver, while the 
steam passes on as shown. 

162. Steam Traps. In the separators just described, 
there is a constant accumulation of water which must be 
periodically drained off if the entire device is not to fill 
up and become inoperative. Similarly there is a constant 
accumulation of liquid in steam jackets, in receivers of 
multi-expansion engines and in low points in steam lines. 
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163. Steam Piping. There is a great deal of piping of 
various kinds in all steam plants and the financial success 
or failure of a plant often depends upon this apparently 
insignificant item. It is beyond the limits of a book of this 
scope to consider the many different forms of piping and the 
many dififerent ways in which apparatus may be connected. 
This is a study in itself and one of great importance. 

It should \)Q noted, however, that all of the following 
points nmst l)e kept in view when designing and installing 
piping and that that installation which most nearly meets 
all these rociuirements may be regarded as the best. 

(1) Thv various lines should conduct the materials flow- 
ing through them with the minimum loss of pressure and 
with the minimum loss (or gain) of heat. 

(2) The pipe lines should be so constructed as to mak3 
failure of a dangerous sort, from expansion and contraction, 
water hammer and such, most unlikely if not impossible. 

(3) All connections should be so made that the careless 
manipulation of valves cannot cause an accident. 

(4) The iminher of flange and screw connections and the 
number of valves and fittings should be reduced to the 
niininunn, as they are often sources of weakness and are 
always cosily. 

(5) Th(^ (Mitiro layout should be so arranged that inter- 
ruption of sc^rvice biH'auso of pipe, or valve, failure is (as 
nearly as possible) impossible. 

(6) The ('ost of tlie system should be as small as it can 
be made, consistent with the other requirements. 

It is almost unnecessary to say that all of these desirable 
ends are nev(T attained in any plant. A compromise must 
always be made in order to bring the cost within reasonable 
Ihiiits, but most of the recent installations show a tendency 
toward better design in this part of the plant and a con- 
sideration of reliability and safety far in excess of what was 
formerly customary. 
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iH ^^^^ 




73.33 

61.89 
53.56 
47.27 
42.36 
38.38 

35.10 
32.36 

;o.03 

28.02 


26.79 
26.27 

24.79 
23.38 
22.16 
21.07 
20.08 

19.18 
18.37 
17.62 
16.93 
16.30 


1.6416 
1.6084 

1.5814 
1.5582 
1.5380 
1 5202 
1.5042 

1.4895 
1.4760 
1.4639 
1.4523 


1.4447 
1.4416 

1.4311 
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1.3965 
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1.3811 
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0.2348 
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0.3229 
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1 
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1.8432 
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PROPERTIES OF ONE POUND OF SI PKRHEATKD STKAM 

{Continuefl) 



Absolute 
Pressure. 
Lbs. So.in. 
Sat. Temp. 
F. 






Degrees ol JSuporheat. 











no 1 100 -MM) 


2M) 


•MK) 



500 I 

(467.3) 



Sp. V. 
AQ 

Sp. V. 
AQ 
A0 

Sp. V. 
AQ 

Sp. V. 
AQ 

A<^ 

Sp. V. 
AQ 
A0 

Sp. V. 
AQ 
A<^ 

Sp. V. 
AO 
A4> 



2 83 
194 5 
.5693 



3.07" 8 30 a 53 3 74 3 
1224 5 1251 3|l27t> S 1.301 7 I32t) 2 I 
1 . 5993 1 . 6292 I (WitU I 6S10 I 7043 1 

I 



2 .68 2 91 
195 4 1*225 9 
.5590 1.5947 



3. 
125'J 



12 
S I 



3 .34 3 54 3 731 
>7S 4 1.303 3 1.327 9 1 



I 6246 I (>513 1 t>7t)2 1 iWm I 



2.53 2.75 2 9(> 3 16 3 35 3 54; 
196.4 1227.2 12.54 3 1279 \) 1304 S 1329 5 i: 
5543 1. 5<K)4'l . 6201, 1(>46S I 671()1 6*)4S I 



4 15 
{.">() (» 
7Jt>l> 

3 92 
J52 3 
7217 

3 72 
?.">3 \) 



2.41 2.62' 2 SI' 3 (X) 3 19 3 37' 3 .V) 
197.3 122S.6 12.'>5 7 12SI 3 13(H) 3 1.330 9 13.V) :> 
.5498 1..5S62 1 6 !.')<) 1 6425 I 6627 1 (i<K)4 1 7121 

I I : ! 1 

2.29 2.49; 2.(kS 2 S() 3 ()4 3.2l| .3 3S 
198.1 1229 s 12.')7 1 12S2 (i 1307 7 1.3.32 4 VWu 
. 5456 1 . 5S23i 1 6120 I ()3S5 I t)t)32 1 i\SiV2\ I 70S2 



1.55 1 60 I S3 1 9() 2 AY.) 2 21 
204.1 1240 3 126S 2 1294 0, 13 19. 3. 1344 3 
5129. 1 . 5530 1 . 5S24 1 . 60S2 I . t)323i 1 . t>.')50 



0.9.3; 1 03; 
1210.0 12.')0| 
1.470 1.519 



I 

1.11! 
12S5 
1 . 54S! 



1 22 
1311 
1 573 



I 31, 
1337i 
1 .5971 



1 39 
13()2 
1 .619 



1369 2 
I t)7()5 

1 47 
13SS 
I 640 
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ROPERTIES OF ONE POUND OF SUPERHEATED STEAM 

(Continued) 



Absolute 
*res8ure. 
Jhs. Su-in. 
iat. Temp. 
° F. 








Degrees of Huperheat. 











50 


100 


150 


200 


250 


300 


160 1 

(363.6) [ 


Sd V 
A4> 


2.83 
1194.5 
1.5693 


3.07 
1224.5 
1.5993 


3.30 
1251.3 
1.6292 


3.53 
1276.8 
1.6561 


3.74 
1301.7 
1.6S10 


3 . 95 
1326.2 
1.7043 


4 15 
1350.6 
1.7266 


170 1 

(368.5) [ 


Sp V. 
A0 


2.68 
1195.4 
1.5590 


2.91 
1225.9 
1.5947 


3.12 
1252.8 
1.6246 


3.34 
1278.4 
1.6513 


3.54 
1303.3 
1.6762 


3.73 
1327.9 
1.6994 


3.92 
1352.3 
1.7217 


180 [ 

(373. 1)[ 


Sp. V. 
AQ ' 
A<t> 


2.53 
1196.4 
1.5543 


2.75 
1227.2 
1.5904 


2.96 
1254.3 
1.6201 


3.16 
1279.9 
1.6468 


3.35 
1304.8 
1.6716 


3.54 
1329.5 
1.6948 


3. 72 
1353.9 
1.7169 


190 1 

(377.6)] 


Sp. V. 

A4> 


2.41 
1197.3 
1.5498 


2.62 
1228.6 
1.5862 


2.81 
1255.7 
1.6159 


3.00 
1281.3 
1.6425 


3.19 
1306.3 
I .6627 


3.37 
1330.9 
1.6904 


3.55 
1355.5 
1.7124 


200 f 

(381.9) [ 


Sp. V. 
AQ 
A<f> 


2.29 
1 198 . 1 
1.5456 


2.49 
1229.8 
1.5823 


2.68 
1257.1 
1.6120 


2.86 
1282.6 
1.6385 


3.04 
1307.7 
1.6632 


3.21 
1332.4 
1.6862 


3.38 
1357 . 
1.7082 


300 I 

(417.5) [ 


Sp. V. 
A4> 


1.55 
1204.1 
1.5129 


1.69 
1240.3 
1.5530 


1.83 
126S.2 
1.5824 


1.96 
1294.0 
1.6082 


2.09 
1319.3 
1.6323 


2.21 
1344.3 
1.6550 


2.33 
1369.2 
1.6765 


600 1 

(467.3) 1 


Sp. V. 
AQ 


0.93 
1210.0 
1.470 


1.03 
1256 
1.519 


1.11 
1285 
1.548 


1.22 
1311 
1.573 


1.31 
1337 
1.597 


1.39 
1362 
1.619 


1.47 
1388 
1.640 
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Boilers, steam 305-374 
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gases 305, 306 

Draft apparatus 370-373 
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Rate of combustion 335-337 

Rating 358-362 
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Smoke and its prevention 316, 317 
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Vertical fire tube 343-345 
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Buildings, heating of, by exhaust steam 376, 377 

Built-in superheaters 366, 367 
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Dulong's formula 301, 302 

Fuel Calorimeter 302 

Calorific value of, petroleum oils 303, 304 

Calorimeter, fuel 302 

Carbon, combustion of 279 

CO, combustion to 279-282 

CO. combustion to. 282, 283 

CO and CO., conditions determining formation of. . . 284-286 

CO to CO2, combustion of 283, 284 

complete combustion of 308-310 

flue gases from combustion of 286, 287 
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Chart— 
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Chimneys or stacks 370-372 
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Closed and open feed-water heaters 377-380 
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ComhuHtion — 
Combustion of — 

Carlwn 

HydrocarlKms 2 

Hydn>gen 287-5 

Calorific value of 

Mixtun^s 290,2911 

Sulphur 238 1 

Combustion to — 

CO 279-2821 

Ci\ 282,281] 

C()toC()2 283,2 

Coiu'.itiouH determining formation of CO and COj 284-281] 

Excess Air and excess coefficient « 

Flue gii8t»s from combustion of carlx>n 286,28? j 

Hate of, in lK)iler furnaces 335-337 j 

Tem|)erature of combustion 29t-294 

Tht»oretical tem|x?rature 292 

Commercial fuels — solid, liquid and gaseous 296, 297 

Complete expansion cycle 55-58, 72 

C^omplete T'<^-<'hart for steam 68-70 

C'omjwund engine . . 14M51 

('()niiK)uiHling 141-158 

ConihiiK'd imiicator diagram 155-158 

Conipouiulinj^ 144-149 

(Cylinder ratios 151-153 

(Iain l)y expansion 141-144 

indicator diagrams and mean pressures 153-155 

The conip(,und engine 149-151 

Compounds — combust ion 277-279 

Compression and exhaust — Bilgram diagram 175-177 

(Condensation, cylinder, methods of decreasing 89-92 

(Condensation, initial 81,82 

determination of 86-89 

Condensers and related apparatus 251-276 

Advantages of condensing 251, 252 

Conversion of readings from inches of mercury to 

lbs. per square inch 255, 256 

Cooling towers 275, 276 

Measurement of vacuum 252-255 

Principle of 256-258 

Types of — 

Contact 258-268 
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I ^^^ensers (continued)— 
I Contact — 

f Barometric 261-266 

Jet, Parallel flow 259, 260 

Siphon 266 

Westinghouse— Leblanc 267, 268 

Non-contact 268-271 

Surface 268-270 

Two-pass or double flow 270-271 

Relative advantages 274, 275 

Water required by contact condensers 271-273 

--^ Water required by non-contact condensers 273, 274 

i^^ciensing, advantages of 251, 252 

^^^densing plants 23 

^:^*iditions determining formation of CO and CO2 284-286 

^*^liecting rod 109,110 

^ Angularity of 179 

P>,^^Xservation of Energy, law of 2 

^^^Xservation of Matter, law of 1 

-^^^Xstant-quality lines on T 0-chart 66, 67 

-^^IXstant volume lines, on T<^-chart 68 

_ ^*istant speed governing 215, 216 

r;^iitact condensers 258-268 

^^ntinental type boiler 346-348 

j^^nventional diagram and card factors 125-128 

Conversion of barometric readings, from inchs mercury to pounds 

per square inch 255, 256 

^^^^Ooling towers 275, 276 

^^^rliss and other high-efficiency engines 196-212 

Locomobile type 210-212 

Non-detaching Corliss gears 201-205 

Poppet valves 205-208 

Trip-cutK)ff Corliss 196-201 

Unaflow engine 208-210 

CJorliss engine, trip-cut-off 196-201 

CJorliss gears, non-detaching 201-205 

Crank end of engines 98 

Cross-head and guides 107, 108 

Cushion steam and cylinder feed 85, 86 

Cut-off governing 215 

Cut-off ratio 128 

Cycle, area on T <^-chart representative of work 73 

Complete expansion 55-58, 72 
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McKlifications for wet and su»ierhoatod steam 7^,14 MfeAn 

Of events in simple steam i)ower plant W^^^' 

Theoretical, of steam turbine 225-2ffi miir- 

CVcIw, desirability of various, in engines S mfvA 

(■y Under, action of steam in 24 IDrii^ 

Condensation, methods of decreasing 8Hi ■ 

Efficiency 139 1 

Fwd and cushi(m steam 85,86 i Ji^ 

Ratios 15H5a l\r 

C\vlinder and steam chest 101,102 1 

IX»creasing cylinder condensation 89-92 ■ 

De Ijjival impulse turbine 236-238 I 

I")ensity, s|K'cific, of dry saturat<?d steam 38 I 

Description and meth(Kl of operation of D-slide valve 159-165 I 

Design of nozzle, steam turbine 228-234 I 

Determination of clearance volume from diagram 131, 132 I 

Determination of I.h.p 120-124 I 

Develo{)cd horse-|K)wer 137 j 

Developed thermal efficiency 138 

D-slide valve 159-195 

Angle of advance 167 

Anp;ularity of coiuioct'.ng rod 179 

Bilgrani diagram 169 

Description and nictliod of operation 159-165 

Diagram for both cylinder ends 177 

Exhaust and compression 175 

Exhaust lap 168 

Indicator diagram from Bilgram diagram .180 

Ix^ad 166, 167 

Limitations of D-slido valve 183-185 

Piston positions 177 

Reversing engines 185-187 

Steam lap — outside lap 165, 166 

Valve setting 187-195 

D-slide valve engine, sim])]c 96-98 

Diagram, Bilgram, for l)oth C3']ind(*r ends 177 

Bilgram, indicator diagram from 180-183 

Indicator 24 

Indicator and mean pressures for compound engines . 153-155 

combined 155-158 

Indicator, conventional and card factors 125-128 
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•le acting engines 55 

•le-flow condenser 270 

idraft furnace 315 

i apparatus 370-373 

Chimneys or stacks 370-372 

Mechanical draft .i 372, 373 

lir pump 264 

laturated steam, total heat of 33 

Specific density of 38 

specific volume of 36-38 

/acuum pump 264 

ag's formula — combustion 301, 302 

ex steam pump 383, 384 

itric 160-165 

3my of turbines 247-249 

tive pressure, mean, methods of varying 215 

ency 52, 53 

CyUnder 139 

Developed thermal 138 

Effect of temperature range on 75 

Indicated thermal 138 

Mechanical and thermal 137-140 

Of boilers 363, 364 

Relative 139 

ents — combustion 277 
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Conservation of energy, law of 2 

Heat 2 

Mechanical 2 

Units of 3 

ae — 

Application of theory for an ideal to a real 54, 55 

Compound, triple, quadruple, quintuple 148 

Receiver type 149 

Tandem and cross-compound 151 

Woolftype 149 

Desirability of various cycles 55 

Double acting 55 

Efficiency 52, 53 

Heat quantities involved 50-62 
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Engine (continued) — 

Ideal ateam 43-60 

Operation of 45, 42 

Operation of the real steam 77-80 

Reversing 185-187 

Steam — 

Classification — 



!)• On basis of rotative speed; (2) Ratio of 
stroke to diameter; (3) Valve gear; (4) 
Position of longitudinal axis; (5) Num- 
ber of cylinders; (6) Cylinder arrange- 



ment; (7) Use 92,93 

Clearance, volumetric and mechanical 84,85 

Crosshead and guides 107, 108 

Cushion steam and cylinder feed 85, 86 

Diagram wat er rate 86 

Cylinder and steam chest. 101, 102 

Determination of initial condensation 86-89 

Initial condensation 81 

Losses, in real installations 80-84 

Methods of decreasing cylinder condensation... 89-92 

Nomonrlaturo 98 

Priiu'ipal parts 98-114 

Bearinj^s Ill, 112 

ConnoctiiiK rorl 109, UO 

Crosslioad and guides 107, 108 

Cylinder and rtoam chest 101, 102 

riy wheels 112, 113 

Frame 99,100 

Piston 102-106 

Piston rod and tail rod 106, 107 

Sliaft 110, 111 

Re-evaporation in 83, 84 

Rotative and i)iston speed 93-96 

Simple D-slide valve 96-98 

Throttling or wire-drawing 82, 83 

Work done by 46-60 

Engines, Corli.ss and other high efficiency 185-187 

Loconiol)ile type 210-212 

Non-detaching Corhss gears 201-205 

Poppet valves 205-208 

Trip-cut-off Corhss 196-201 

Unaflow 208-210 
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Entropy diagram 61-71 

of liquid, vaporization, and dry saturated steam 61-63 

r^-chart for steam 62-65 

Complete 68-70 

Constant quality lines 66, 67 

Diagram for a real engine 136 

Heat from 68 

Quality from 65-68 

Saturation curve 63 

Superheating lines 63, 64 

Volume from 68 

Water line 63 

Entropy, diagrams of steam cycles 72-76 

Equivalent evaporation, boilers 361 

Excess air — combustion 286 

Advantages and disadvantages 311 

Excess coefficient 286 

Exhaust and compression — Bilgram diagram 175-177 

Exhaust lap 166, 168 

Exhaust steam, utilization of, for heating buildings 376, 377 

Expansion, adiabatic 68 

Cycle, the complete 56-58, 72 

the incomplete 58-60 

Gain by, in compounding 151-144 

Ratio of, apparent and real 128-130 

External latent heat of vaporization 31 

Externally fired, return tubular boiler 349-362 

Fahrenheit scale 11, 12 

Feed-water heating 377 

Open and closed heaters 377-380 

Firing boilers by hand 311-315 

Fixed carbon in coal 300 

Flywheel 97, 98, 112, 113 

Regulation 213, 214 

Flue gases from combustion of carbon 286, 287 

Foot-pound, definition 3 

Forward stroke of engines 98 

Foster superheater 369, 370 

Frames of engines 99, 100 

Front end of engines 98 

Fuel calorimeter 302 

Fuels 296-304 
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Fuels (continued) — 
Commercial — 

Solid, liquid, gaseous 296, 297 

Coal 207-299 

Analyses 2^301 

Calorific value of — 

Dulong's formula 301,302 

Fuel Calorimeter 302 

Petroleum 302 

Baum^ scale to express gravity 303 

Calorific values 303, 3W 

Purchase of coal on analysis 302 

Functions of boiler parts 306-308 

Furnaces — and combustion 308-311 

— ^Updraft and downdraft 315 

Gases, and vapors, steam 27 

— ^Flue, from combustion of carbon 286, 287 

Gaseous fuels 296,297 

Gauge pressure 39-41 

Clearing and staging — turbines 238-243 

Gears, Corliss, non-detaching 201-20o 

Generation of steam in real steam boiler 38, 39 

Generation of steam or water vapor 28 

Governing — throttle and cut-oflF 21^ 

Coefficient of regulation 2l6 

Constant speed 215, 216 

Governor 97, 98 

Regulation 214, 215 

Governors — 

Pendulum 217 

Rites inertia 218-220 

Shaft 217,218 

Grates, mechanical 315, 316 

Gridiron valve 185 

Guides and crosshead 107, 108 

Hand firing — steam boilers 311-315 

Heat 9 

Absorption, reversal of process 38 

Energy 2 

Unit of 13 

From r^-chart 68 
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Heat (continued) — 

Latent, of vaporization 30, 32 

Internal and external. 30, 31 

Of liquid, q or h 31, 32 

Of superheat 34, 35 

Quantities in rectangular cycle 50-52 

Quantity of 16 

Specific 14 

Total, of dry saturated steam 33 

Of superheated steam 36 

Of wet steam 33, 34 

Value of elements and compounds 277-279 

Heat, waste — in steam plant 375-381 

Feed-water heating 377 

Open and closed heaters 377-380 

Utilization of exhaust for heating buildings 376, 377 

Heaters, feed-water, open and closed 377-380 

Heine superheater 367, 368 

Heine water-tube boiler 355, 356 

Horizontal, return, tubular boiler 306-308 

Horse-power 17 

Developed 137 

Hour, definition 18 

Of steam boilers 359 

Hydrauhc analogy 26 

Hydrocarbons, combustion of 289, 290, 310 

Calorific value of 290 

Hydrogen, combustion of 287-289 

I.h.p. — determination of 120-124 

Impulse steam turbine 221-225 

De Laval type 236-238 

Inclined stokers 322-325 

Incomplete expansion cycle 58-60, 74, 75 

Indicated thermal efficiency 138 

Indicator 115 

Indicator diagram 24, 1 15-140 

Atmospheric line 119 

Conventional and card factors 125-129 

Cut-off ratio 128 

Determination of clearance volume from diagram. 131, 132 

Determination of I.h.p 120-124 

Diagram factor or card factor 126-129 
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Indicator diagram (continued) — 

From Bilgram diagram 180-183 

Mean effective pressm^ 122 

Ratio of expansion 128-131 

Reducing mechanism 118 

Scale of spring 118 

The planimeter 123 

Indicator diagrams and mean pressures for compound engines 153-155 

Combined 155-158 

Indicator diagrams from real engine 192, 193 

Injector, steam 384-386 

Inertia governor, Rites 218-220 

Initial condensation 81, 82 

Determination of 86-89 

Inside lap, negative 168 

Internal latent heat of vaporization 30 

Internally fired, tubular boilers 342-345 

Jet condensers 259, 260 

Joule's equivalent 14 I 

Joule, the 3 

Kinctir mechanical energy 8 



Lap angle 166 

Lap, steam 165, 166 

Negative inside 168 

Outside and exhaust 166, 168 

Latent heat of vaporization 30, 32 

Internal and external 30, 31 

Lead 166,167 

Leblanr — Westingliouse condenser 267, 268 

Liquid fuels 296, 297 

Liquid, heat of, or h 31, 32 

Entropy of 61 

Limitations of D-slide valve 183-185 

Balanced slide valves 184 

Gridiron valve 185 

Piston valve 184 

Riding cut-off valves 185 

Locomobile type of high efficiency engines 210-212 

Locomotive type boiler 346 

Low-pressure or exhaust steam turbines 249 
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Matter 1 

Law of conservation of matter 1 

Units of matter 3 

Mean effective pressure 122 

Methods of varying 215 

Mean pressures and indicator diagrams for compound engines . 153-155 

Measurement of temperature 10 

Measurement of vacuums 252-255 

Mechanical and thermal efficiencies 137-140 

Mechanical clearance, steam engine 84, 85 

Mechanical draft 372, 373 

Mechanical energy 2, 3, 7 

Potential and kinetic 7, 8 

Mechanical grates 315, 316 

Mechanical stokers 317-335 

Mercury readings, conversion to pounds per square inch 255, 256 

Mercury thermometers. . . . ' 10-12 

Method of operation and description of D-slide valve 159-165 

Mixtures, combustion of 290, 291 

Moisture in coal 299 

Molecular activity 9 

Molecules 278 

Natural draft, chimneys 370 

Negative inside lap 168 

Non-condensing plants 23 

Non-contact condensers 2t 3-271 

Surface (Wheeler) 268-270 

Non-detaching Corliss gears 201-205 

Nozzle design, steam turbine 228^-234 

Oil firing 333-335 

Open and closed feed-water heaters 377-380 

Operation of simplified steam engine 45, 46 

Operation of real steam engine 77-80 

Outside steam lap 166 

Outstroke of engine 98 

Parallel-flow condenser 259-261 

Parson's type turbine 246 

Pendulum governors 217 

Petroleum 302 

Baum6 scale to express gravity of 303 

Calorific valuea 303,304 
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Piping, steam 390 

Piston, engine 102-106 

Piston positions for Bilgram diagram 177-182 

Piston rod and tail rod 106, 107 

Piston speeds of steam engines 93-96 

Piston valve 184 

Planimeter 123 

Plant, steam power 20 

Plants, condensing, non-condensing 23 

Poppet valves 205-208 

Positions of piston for Bilgram diagram 177-182 

Potential mechanical energy 7 

Powdered coal stokers 333 

Power and work 17 

Power, unit of, horse power 17 

Pressure, absolute 41 

Gauge 39-41 

Mean effective 122 

Methods of varying 215 

Pressures, mean, and indicator diagrams for compound engines. 153-155 

Prevention of smoke 316, 317 

Prime-mover 20 

Principal parts of engines 98-114 

Principle of condenser 256-258 

Properties of steam 27 

Proximate analysis of coal 299 

Pump, dry air or dry vacuum 264 

Vacuum 259 

Pumps, boiler feed 382-384 

Purchase of coal on analysis 302 

Quality from 7>-chart 65-68 

Constant, lines 66, 67 

Quantity of heat 16 

Rate, diagram water 86, 132-136 

Riite of combustion in boiler furnaces 335-337 

Rating of steam boiler 358-362 

Ratio, cut-off 128 

Ratio of expansion — apparent and real 128-130 

Riitios, cylinder 151-153 

Reaction type turbine 243-247 

Receiver engine 149 
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icing mechanism 118 

vaporation 83 

ilation 213-220 

Coefficient of governor 216 

Constant speed governing 215, 216 

Governors — 

Pendulum. 217 

Rites inertia 218-220 

Shaft 217,218 

Kinds — flywheel and governor 213-215 

Methods of varying mean effective pressure — Throt- 
tling and cut-off 215 

tive advantages of contact and noo-contact condensers. . 274, 275 

Live efficiency 139 

rn tubular boilers, horizontal 306-308, 349-352 

rsal of process of heat absorption 38 

rsing engines 185-187 

ig cut-off valve 185 

? inertia governor 218-220 

tive speeds of steam engines 93-96 

y and strength of boilers 337-341 

rated steam, dry, specific volume of 36-38 

rated vapor 31 

ration curve, temperature entropy chart for steam 63 

for compound engine cards 156 

1 365,366 

Prevention of 366 

: of spring, indicator 118 

;h marine type boiler 348, 349 

rately fired superheaters 366, 367 

rators 386-388 

ng, valve 187-195 

b governors 217, 218 

: of engine 110, 111 

le D-slide valve engine 96-98 

m condensers 266 

valves 184 

Balanced 184 

Gridiron valve 185 

Piston valve 184 

Riding cut-off valve 185 
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Smoke and its prevention 316, 317 

Solid fuels 296,297 

Soot and scale, effects of, in boilers 364, 365 

Specific density of dry, saturated steam 38 

Specific heat 14 

Specific volume of dry saturated steam 36-38 

Speeds, rotative and piston, of steam engines 93-96 

Spring, scale of, indicator 118 

Stacks or chimneys 370-372 

Staging and gearing, steam turbines 238-243 

Steam, action in cylinder 24 

Action of, on impulse blades of turbine 234-236 

Boiler, generation of steam in 38, 39 

Cushion, and cylinder feed 85, 86 

Diagram water rate 86 

Cycles, 7<Miagi^ms of, 72-76 

Steam engine the ideal 43-60 

Bearings 111,112 

Classification 92,93 

Connecting rod 109,110 

Crosshead and guides 107, 108 

Cylinder and steam chest 101, 102 

Determination of initial condensation 86-89 

Flj'wheel and governor 97, 98 

Flywheels 112, 113 

Frame 99,100 

Losses in real installations 80-84 

The real 77-114 

Initial condensation 81 

Re-evaporation 83, 84 

Throttling 82 

Wire-drawing 82, 83 

Methods of decreasing cylinder condensation .... 89-92 

Nomenclature of 98 

Operation of, 77-80 

Piston 102-106 

Piston rod and tail rod 106, 107 

Princii)al parts 98-114 

Rotative and piston speeds 93-96 

Simple D-shde valve 96-98 

Steam, entropy of dry saturated 61, 62 

Generation of 28-39 

Heat of superheat 34r-35 
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Steam, lap, D-slide valve 165, 166 

Modification of T^-chart for wet and superheated 73, 74 

Properties of 27 

Specific density of dry saturated 38 

Specific volume of dry saturated 36-38 

Temperature-entropy chart for 62-71 

r^-chart complete 68-70 

Total heat of dry saturated 33 

Total heat of wet 33, 34 

Vapors and gases 27 

Wet, effect of 53 

Steam injector 384 

Steam piping 390 

Steam power plant 20-22 

Steam trap 388 

Steam turbine (see Turbine) 

Stephenson link gear 186 

Sterling water-tube boiler 356-358 

Stokers, mechanical 317-313 

Chain grate 318 

Inclined, overfeed 323-327 

Powdered coal 333 

Sprinkler 318 

Underfeed 327-333 

Strength and safety of boilers 337-341 

Sulphur, combustion of 290 

Sulphur in coal 301 

Superheat, heat of 34, 35 

total heat of 36 

Superheaters — 

Built in 366, 367 

Separately fired 366, 367 

Babcock and Wilcox 367 

Foster 369, 370 

Heine 367, 368 

Superheating 31 

Lines, on temperature-entropy chart for steam . . 63, 64 
Surface condensers 268, 269 

Tail rod and piston rod of engine 106, 107 

Temperature 9 

Measurement of 10 

Pressure relations 29 
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Temperature of combustion 291-294 

Temperature rise 293 

Theoretical 292 

Temperatuie-entropy chart for steam 62-71 

Complete chart 6^70 

Heat from 68 

Quality from 65-68 

Vdume from 68 

r^-diagram for a real engine 136 

r ^-diagrams of steam cycles 72-76 

Complete expansion cycle 72 

Area of cycle representative of work 73 

ModificaticHis for wet and superheated steam 73 

Temperature range, effect on efficiency 75 

Temperatures of vaporisation 29 

Theoretical cycle of steam turbine 225-228 

Thermal and mechanical efficiency 137-140 

Developed thermal efficiency 138 

Indicated thermal efficiency 138 

Thermometers, mercury 10-12 

Throttle governing 215 

Throttling or wire-drawing 82 

Towers, cooling 275, 276 

Traps, steam 388, 389 

Trip-cut-off Corliss engine 196-201 

Triple expansion 148 

Tubular boiler, horizontal return 306-308 

Turbine, steam 221-250 

Action of steam on impulse blades 234-236 

Combined type 247 

De Laval impulse type 236-238 

Economy of 247-249 

Gearing and staging 238-243 

Impulse 221-225 

Nozzle design 228-234 

Reaction type 243-247 

Theoretical cycle 225-228 

Types of boilers 342-359 

Babcock & Wilcox, water-tube 352-355 

Continental 346-348 

Externally fired, return tubular 349-352 

Heine water-tube 355, 356 

Internally fired, tubular 342-345 
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Types of boilers (continued) — 

Locomotive 346 

Scotch marine 348, 349 

Sterling water-tube 356-358 

Wickes vertical water-tube 358, 359 

Types of condensers — 

Contact 258-268 

Barometric 261-266 

Jet, parallel flow type 259, 260 

Siphon 266 

Westinghouse-Leblanc 267, 268 

Non-contact — 

Surface 268-270 

Two-pass or double flow 270, 271 

Ultimate analysis of coal 299-301 

Una-flow engine 208-210 

Underfeed stokers 325-333 

Unit of heat energy 13 

Units of matter, energy and work 3 

Updraft furnace 315 

Utilization of exhaust steam for heating buildings 376, 377 

Vacuum 252-255 

Measurement of 253, 254 

Pump r 259 

Valve, D-slide — (see D-slide valve) 159-195 

Setting 187-195 

Valves 159-195, 205-208 

Balanced slide 184 

Gridiron 185 

Piston 184 

Poppet 205-208 

Riding cut-off 185 

Vapor, saturated 31 

Pressure- temperature relations; saturated water vapor 29 

Water or steam, generation of 28 

Vaporization, entropy of • 61 

Latent heat of 30, 32 

Internal and external 30, 31 

Temperatures of 29 

Vapors and gases 27 

Volatile matter in coal . , 299 
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Vdume, clearance, detennined from diagram 131, 132 

Constant, line 68 

From r^Hchart 68 

Vdumetric clearance, steam engine 84, 85 

Waste heat, in steam plant 375^ 376 

Recovery of 375-381 

Water line, temperature entropy chart for steam 63 

Water rate, diagram, steam engine 86, 132-136 

Water required by contact condensers 271-273 

Water-tube boilers 352-359 

Water vapor or steam, generation of 28 

Water vapor, satiurated, pressure-temperaturs relations 29 

Weight €i water required by non-contact condensers 273, 274 

Westinghouse-Leblanc condenser 267, 268 

Weatingfaouse-Parsons turbine 245 

Wet and superheated steam; modifications of ' ^-chart for. ... 73, 74 

Wet steam, total heat ci 33, 34 

Wickes vertical water-tube boiler 358, 359 

Wire-drawing or throttling 82 

Woolf type engine 149 

Woric 3, 17 

Area of cycle on 7<^-diagram representative of work 73 

Done by the engine 46-50 

Unit of 3 
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CATION TO IVDUSTBY. By W. H. Timbie, Head of 
Department of Applied Science, Wentworth Institute, and H. H. 
HiGBiE, Professor of EHectrical Engineering, University of Mich- 
igan. First Course, x+534 pages, 51 by 8. 389 figures. Cloth, 
$2.00 net. 

Second Course. ix4-729 pages. 51 by 8. 357 figures. Cloth 
$3.00 net. 

ELECTHIC LIGHTING. By H. H. Higbie, Professor of Electrical 
Engineering, University of Michigan. (In preparation.) 

HEAT AND HEAT ENGINEERING 

HEAT; A Text-book for Technical and Industrial Students. By 

J. A. Randall, Instructor in Mechanics and Heat, Pratt Institute. 
xiv+331 pages, 5Ji by 8. 80 figures. Qoth, $1.50 net. 

GAS POWER. By C. F. EUrshfeld, Professor of Power Engineering, 
Sibley College, Cornell University, and T. C. Ulbricht, formerly 
Instructor, Department of Power Engineering, Cornell University. 
viiiH-198 pages, 5K by 8. _ 60 figures. . Cloth, $1.25 net. 

STEAM POWER. By C. F. Hibshfelp, Professor of Power Engi- 
neering, Sibley College, Cornell University, and T. C. Ulbricht, 
formerly Instructor, Department of Power Engineering, Cornell 
University. viiiH-419 pages. 5}^ by 8, 228 Figures. Cloth. 

HEAT AND LIGHT IN THE HOUSEHOLD. By W. G. Whitman, 
State Normal School, Salem, Mass. (In preparation.) 

MECHANICS AND MATHEMATICS 

ELEMENTARY PBACTICAL MECHANIOS. By J. M. Jameson, 
Girard College, formerly of Pratt Institute, xii+321 pages, 5 by 
7}4. 212 figures. Cloth, $1.50 ne^ 

MATHEMATICS FOR MACHINISTS. By R. W, Burnham, 
Instructor in Machine Work, Pratt Institute Evening School. 
vii+229 pages, 5 by 7. 175 figures. Cloth, $1.25 net. 

PBACTICAL SHOP MECHANICS AND MATHEMATICS. 

By James F. Johnson, Superintendent of the State Trade School, 
Bridgeport, Conn, viii+130 pages, 5 by 7. 81 figures. Cloth, 
$1.00 net. 



ABITHMETIO FOB OABPENTEBS AND BUILDEBS. By 

R. BuRDETTB Dale, Assistant Prof essor in charge of Vocational 
Courses in Engineering and Correspondence Instruction, Iowa State 
College, ix+231 pages, 6 by 7. 109 figures. Cloth, $1.25 net. 

SHOP TEXTS 

XAOHINE SHOP PBACTIOE. By W. J. Kaup, Special Repre- 
sentative, Crucible Steel Company of America, ix+227 pages, 
5}4 by 8. 163 figures. Cloth, $1.25 net. 

PATTERN MAKING. By Frederick W. Turner and Daniel 
G. Town, Mechanic Arts High School, Boston, v+114 pages, 
5 by 7. 88 figures. Cloth, $1.00 net. 

PliAIN AND ORNAMENTAL FORGING. By Ernest 

Schwarzkopf. Instructor at Stuyvesant High School, New York 
City. (Ready September, 1916.) 

^ DRAFTING AND DESIGN 

DECORATIVE DESIGN. A Text-Book of Practical Methods. 

By Joseph Cummings Chase, Instructor in Decorative Design at 
the College of the City of New York and at Cooper Union Woman's 
Art School, vi+73 pages. 8 by 10%. 340 figures. Qoth, 
$1.50 net, 

AGRICULTURAL DRAFTING. By Charles B. Howe, M.E. 
viii+63 pages, 8 by lOJ^. 45 figures, 26 plates. Cloth, $1.26 ntL 

ARCHITECTURAL DRAFTING. By A. B. Greenbebg, Stuy- 
vesant Technical High School, New York, and Charles B. Hows, 
Bushwick Evening High School, Brooklyn. viii+110 pages^ 
8 by lOJ^. 53 figures, 12 plates. Cloth, $1.50 net. 

MECHANICAL DRAFTING. By Charles B. Howe, MJL, 
Bushwick Evening High School, Brookl3m. (/n preparation.) 

ENGINEERING DRAFTING. By Charles B. Howe, M.E., 
Bushwick Evening High School, Brooklyn, and Samuel J. Berard, 
Sheffield Scientific School, Yale University. (In preparaiion,) 

DRAWING FOR BUILDERS. By R. Burdette Dale, Director 
of Vocational Course, Iowa State College, (/n press. Ready 
September, 1916.) 



AGRICULTURE AND HORTICULTORE 



FIELD AND LABORATORY STUDIES OF SOILS. By Pro- 
fessor A. G. McCall, Ohio State University. viiiH-77 pages, 
5 by 7. 32 figures. Cloth, 60 cents net. 

FIELD AND LABORATORY STUDIES OF CROPS. By Pro- 
fessor A. G. McCall, Ohio State University, viii+133 pages, 

5 by 7. 54 figures. Cloth, 85 cents net. 

SOILS. By Professor A. G. McCall, Ohio State University, (/n 
preparation.) 

MARKET GARDENING. By Professor F. L. Yeaw, Oasis Farm 

6 Orchard Company, Roswell, New Mexico. Formerly Professor 
of Market Gardening, Massachusetts Agricultural College. vi+ 
120 pages, 5 by 7. 36 figures. Cloth, 76 cents net, 

AGRICULTURAL CHEMISTRY. By Professor T. E. Keitt, 
Clemson Agricultural College. {Ready November, 1916.) 

STUDIES OF TREES. By J. J. Levison, Forester, Park Depart- 
ment, Brooklyn, N. Y. xH-253 pages, 6Ji by 8. 156 half-tone 
illustrations. Cloth, $1.60 net. 

AGRICULTURAL DRAFTING. By Charles B. Howe, M.E. 
46 pages, 8 by 10?^. 45 figures, 22 plates. Cloth, $1.25 net. 

PRACTICAL ENTOMOLOGY FOR SCHOOLS. By Dean E D. 
Sandeuson and Professor L. M. Peairs, West Virginia Univer- 
sity. (Ready October, 1916.) 



BIOLOGY 

LABORATORY MANUAL IN GENERAL MICROBIOLOGY. 

Prepared by the Laboratory of Bacteriology, Hygiene and Path* 
ology. Michigan Agricultural College, xvi+418 pages, b\ by 8. 
73 figures. Several tables and charts. Cloth, $2.50 net. 



THE IXK)SE UEAF LABORATORY MANUAL 



A series of carefully selected eiciciaea to acoompsny the texts 
of the Series, oovering evcfy sabject in wfakh Ubonutofy or 6<eW 
work may be grrai. Eadi eserciae is oompfeie in itself, and is 
printed sepazateh'. 8 by K^. 



irZL^r LOOSELEAF MANUALS 

The sale cf separate sheeU cf the Laboratory Mamwds <^ the WHey 
technical Series has been discontinued. These Manuals mU^ here- 
€ifter, he sold only as a complete book with remocal leates. Desariptite 
literature wiU he sent on requesL 

CHEMISTRY 

Exercises in General Chemistry. By Charles M. Allen, 
Head of Department of Chemistry, Pratt Institute. An 
introductory course in Applied Chemistry, covering a year's 
laboratory work on the add-forming and metallic elements and 
compounds. 62 pages, 8 by lOJ^. 61 exercises. 
Complete in paper cover. Removal leaves. $1.00 net. 

QuantitatiTe Chemical Analysis. By Charles M. Allen, Head 
of Department of Chemistry, Pratt Institute. 12 pamphlets. 
8 by 10^. Complete in paper cover. Removal leaves. $1 .00 neL 

Qualitative Chemical Analysis. By C. E. Bivins, Instructor in 
Qualitative Analysis, Pratt Institute. 11 pamphlets, supple- 
mented by Work Sheets by which the student is taught equa- 
tions and chemical processes. Complete with work sheets in 
paper cover. Removal leaves. $1.25 net. 

Technical Chemical Analysis. By R. H. H. Aungst, Instructor 
in Technical Chemistry, Pratt Institute. 19 pamphlets. 8 by 
lOJ^. Complete. Removal leaves. 85 cents net. 

Exercises in Industrial Chemistry. By Dr. Allen Roqers, 
Instructor in Qualitative Analysis, Pratt Institute. {In prep* 
aration.) 



THE LOOSE LEAF LABORATORY MANUAL-C^. 



MECHANICS AND HEAT 

Ezerdoes in Mechanics. By J. M. Jaheson, Giiaid College; 
Formeriy of Pratt Institute. 52 exercises. C<unplete in paper 
cover. Removal leaves. 85 cents net. 

Exercises for the Applied Mechanics Laboratory. Steam; 
Strength of Materials; Gas Engines; and Hydraulics. By 
J. P. KoTTCAMF, M.E., Instructor in Steam and Strength of 
Materials, Pratt Institute. 8 foy 10}^. 58 exercises, with 
numerous cuts and tables. Complete in paper cover. Rcanoval 
leaves. $1 net. 

ELECTRICITY 

Exercises in Heat. By J. A. Randai^ Instructor in Mechanioi 

and Heat, Pratt Institute. 13 exercises, with numerous cute 
and diagrams. 8 by 10}^. Complete in paper cover. Removal 
leaves. 26 cents net. 

Exercises in Electricity, A. 0. and D. O. By W. H. TniBiS^ 

Head of Department of Applied Science, Wentworth Institute. 
49 Exercises. Complete in paper cover, 85 cents net. 

Elementary Electrical Testing. By Professor V. Kabapetoff, 

Cornell University, Ithaca, N. Y. 25 exercises. Complete 
in paper cover. Removal leaves. 50 cents net. 

Electrical Measurements in Testing^. (Direct said AUemaUng 
Current.) By Chester L. Dawes, Instructor in Electrical En- 
gineering, Harvard University. In charge of Industrial Elec- 
tricity, Franklin Union, Boston. 39 Exercises. Complete in 
paper cover. Removal leaves. 75 cents neL 

AGRICULTURE AND HORTICULTURE 

Studies of Trees: Their Diseases and Oare. By J. J. Levison, 

M.F., Lecturer on Ornamental and Shade Trees, Yale University 
Forest School, Forester to the Department of Parks, Brooklyn, 
N. Y. 20 pamphlets, 8 by 16^. $1.00 net. A doth binder for 
above sold separately. 50 cents net. 



THE LOOSE LEAF LABORATORY MANUAL-CorK. 



Exercises in Farm Dairying. By Professor C. Larsen, De- 
partment of Dairy Husbandry, South Dakota State College. 
Loose leaf. 8 by lOi. 69 Exercises. Complete. Removal 
leaves. $1.00 net. 

Exercises in Agrricultural Chemistry. By Professor T. E. Keitt, 
Clemson Agricultural College. (In preparation,) 

D RAWING 

AGBIOULTUBAL DRAFTING PROBLEMS. By Charles B. 
Howe, M.E. A Manual for Students of Agriculture to Sup- 
plement the Text in Agricultural Drafting. 26 plates. 8 by 
10 J^. In paper cover. Removal leaves. 50 cents net, 

THE ORDERS OF ARCHITECTURE. By A. Benton Greenberq. 
A Manual for Students of Architecture to Supplement the 
Text in Architectural Drafting. 20 plates. 8 by lOJ^. In paper 
cover. Removal leaves. 50 cents net. 



